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A NUMERICAL 3D FLUID-STRUCTURE INTERACTION MODEL
FOR BLOOD FLOW IN A MRI-BASED ATHEROSCLEROTIC
ARTERY

NADER EL KHATIB!, OUALID KAFI?®-*, DIANA OLIVEIRA®,
ADELIA SEQUEIRA%>* AND JORGE T1aGco>*

Abstract. Atherosclerosis, as a result of an inflammatory process, is the thickening and loss of
elasticity of the walls of arteries that is associated with the formation of atherosclerotic plaques within
the arterial intima, which present a double threat. A piece of vulnerable plaque can break off and be
carried by the bloodstream until it gets stuck; and plaque that narrows an artery may lead to a thrombus
that sticks to the blood vessel’s inner wall. The purpose of the present article is to compare effects
across different atheromatous plaque material assumptions on hemodynamics and biomechanics within
a partly patient-specific computational domain representing an atherosclerotic artery. A full scale 3D
FSI numerical model is implemented and different material hyperelastic assumptions are considered for
comparison purposes. The 3D realistic geometry is reconstructed from a medical image. This technique
may be useful, specially with the recent advances in computer-aided design (CAD), medical imaging,
and 3D printing technologies that have provided a rapid and cost efficient method to generate arterial
stenotic biomodels, making in vitro studies a valuable and powerful tool. To understand our results,
hemodynamic parameters and structural stress analysis were performed. The results are consistent
with previous findings.
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1. INTRODUCTION

Carotids are arteries supplying blood to the brain, neck and face. Carotid atherosclerosis is the main pathology
to fear. Relatively common with age, it could lead to a stroke. The common carotid artery (CCA) arises from the
aorta and ascends in the neck. It divides at the level of the middle part of the neck into two arteries: the internal
carotid artery (ICA) and the external carotid artery (ECA). This junction zone is called carotid bifurcation.
Carotid artery stenoses occur, in most of the cases , at this bifurcation as a consequence of atherosclerosis. Thus,
any risk factor predisposing a patient to progressive atherosclerosis can potentially manifest itself as stenosis of
the carotid artery with resultant ischemic stroke and (or) transient ischemic attack-like symptoms [39]. Hence,
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diagnosis, prevention, and treatment of the carotid atherosclerosis play a pivotal role in stroke prevention,
although the notion that atherosclerosis can be prevented or mitigated by vaccination is now moving towards
clinical trials [20], since the rate of the asymptomatic chronic occlusion is higher than the symptomatic one.

Hemodynamic and vascular properties have a profound impact on the initiation, progression and rupture
of the stenosis in the carotid region [32]. Mechanical effects such as wall shear stress (WSS), pressure forces
and structural stress are the most important factors. It is well accepted that low WSS is associated with the
formation of plaques, whereas high WSS may impose higher risk of plaque rupture. Also, structural stresses are
known to significantly affect the plaque vulnerability due to its considerable contribution to the total mechanical
load [7]. Therefore, WSS and structural stress play important roles in view of risk evolution of plaque rupture.

Several computational fluid dynamics (CFD) approaches have been proposed for modeling blood flow. These
can be based on idealized geometries, but also on patient-specific geometries taken from medical imaging modali-
ties, such as magnetic resonance imaging (MRI). When using CFD, it is also possible to consider specific viscosity
models and investigate the differences in WSS-based descriptors and pressure gradient. In particular, Newto-
nian and non-Newtonian models have been considered for the case of carotid arteries, both from patients with
different carotid stenosis and healthy volunteers [30]. Furthermore, coupling such CFD models with structural
ones gives a powerful tool to understand further details in the blood fluid dynamics since the arterial wall also
deforms with the action of blood. A suitable fluid structure interaction (FSI) numerical method is the so-called
Arbitrary Lagrangian Eulerian (ALE) formulation. ALE allows points in the vessel structure at every time step,
as well as the points inside the fluid domain, to track the displacement. It is the most widely used technique and
has been shown to provide accurate numerical simulations [12, 23, 34]. These models can, therefore, be used to
assess how different plaque material property assumptions affect computational predictions in an atherosclerotic
artery. Computed WSS and structural stresses on such an artery are greatly dependent on material property
implementations for the arterial wall and the plaque itself. Such a numerical platform is, therefore, useful to
non-invasively determine the biomechanics and hemodynamics associated with different material assumptions.
See [9, 19, 25] and the references therein.

Our main goal is to present a noninvasive approach to quantify several hemodynamic parameters and struc-
tural stress at the human carotid bifurcation with different material assumptions in the stenosed artery. The
approach is based on a combination of MRI and FSI modeling. In a previous study [14], we proposed a 3D FSI
model incorporating fluid-structure interaction (blood-plaque and blood-wall) and shear-thinning hemodynamics
effects in a 3D idealized geometry were considered. Flow and structures stresses were analyzed.

In the present work we adopt a patient-specific imaged-based strategy. Based on the geometric techniques
recently used in [35] in the frame of aortopathies, we reconstruct both the atherosclerotic plaque and the
remaining healthier artery wall. We present and study a model of blood-plaque and blood-wall interaction in
the realistic case of a three-dimensional geometry, where the computing domain is a stenosed carotid bifurcation
resulting from medical imaging. We will then analyze several computational indices under the light of previous
results such as those in [4, 14, 35], which will be potentially useful for future studies considering atherosclerosis,
especially concerning the choice of material properties.

2. METHODS

2.1. 3D geometry construction

Our image-based modeling approach involves the following steps. First, the lumen geometry of the stenotic
carotid artery that will be used in our simulations is derived from MRI (see Fig. 1a). Then the plaque and the
wall structures are artificially added. To construct such geometry, several free computational tools are available,
such as ITK-SNAP, SimVascular or 3DSlicer. Also commercial options such as Simpleware Scan IP, may be used.
This geometry consists of the lumen, that is the interior of the artery. Moreover, the branches were extended
(see Fig. 1b) to avoid abnormal entrance (inlet) and exit (outlet) effects that may occur due to the artificial
truncation of the domain. Indeed, the inlet extension allows the flow to be fully developed when entering the
domain of interest, and the outlet extensions avoid spurious pressure wave reflections.
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FIGURE 1. a) Medical image of the lumen of a carotid bifurcation with a stenotic region [13].
b) The extended lumen with the plaque construction. ¢) Computational domain after fibrous
cap, lipid pool and vascular wall construction.

Finally, the last realistic geometry was obtained in MeshLab in order to repair and smooth the model
surface. Then, in order to design the FSI model, an open-source tool obtained from the finite element library
LifeV developed in Politecnico di Milano [15] was used to generate the wall from the vessel lumen surface model
previously obtained (see Fig. 1c).

After wall model surface discretization in Mesh-Lab and file type conversion in SolidWorks 2010, the model
was imported into COMSOL Multiphysics for numerical FSI modeling and simulations.

2.2. FSI modeling
2.2.1. Fluid model

As we are dealing with arteries with sufficiently large diameters, here we consider blood as an incompressible
fluid, described by the quasi-Newtonian equations for the conservation of mass and linear momentum, as follows:

pf%ltl +ps(u- V)u—V- (2u(s(w))Du) + Vp =0 @1)
V- -u = 0.
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This system of time dependent partial differential equations involves the blood velocity u = [u;, uy, us]”
and the pressure p as the unknown variables. The dynamic viscosity p is a function of the strain rate tensor
Du = (Vu+ (Vu)T). More precisely, 4 is a function of s(u), the second invariant of the strain rate tensor,
defined by:

(s(u))* =2Du: Du = QZ(Du)ij(Du)ji.

2%}
We consider p defined by the Carreau-Yasuda law,

u(s(1)) = poo + (1o — Hoo) (1 + (As(w))?) "~ 172,

with po = 0.0456 Pas (the viscosity at the lowest shear rate), and po, = 0.0032 Pas (the viscosity at the highest
shear rate), A = 10.03 s, py = 1060 kgm 2 (the fluid density) and n = 0.344 (corresponding to a shear-thinning
viscosity fluid). The values of these parameters are taken from [16]. Although for large and almost cylindrical
vessels a constant viscosity may be considered, it has been shown that, for stenotic cases, the shear-thinning
nature of blood should not be neglected, if one is interested in hemodynamic factors such as recirculation size
and WSS magnitudes. See, for instance [19].

2.2.2. Models for artery wall and plaque structures

We are now going to specify the details of the three structural models used in this work. Consider the 3D
nonlinear model of hyperelasticity [8], governed by the equation

2

ps% — div(FS) = 0, (2.2)

where 1 represents the displacement vector, F is the deformation gradient tensor, given by F = I3 + Vn (I3 is

Ow
the identity matrix), and S represents the second Piola-Kirchhoff stress tensor. S can be computed as S = —

Oe

where the strain tensor € is defined by the

e %(vn + (V)T + (V) TVn),

and w is the elastic strain energy density, which is material dependent.
In this work we assume the vessel wall to be modeled as a St Venant-Kirchhoff material. Under this
assumption, S becomes defined by the stress-strain relationship

S—-Sy=C: (5_60_€i7wl)7

where Sy and g( represent the initial second Piola-Kirchhoff stress and strain tensors, respectively, €, the
inelastic strain tensor and C the fourth-order stiffness tensor. The symbol “:” stands for the inner product of
two second-order tensors. Here, we neglect the effects of S, €9 and €;y,¢;.

The vessel wall is considered isotropic in such a way that the stiffness tensor has no preferred direction and
the corresponding tensor components are computed internally according to:

CIM = Xg"g" + us(9" 9" + 9"g™"),
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TABLE 1. Parameters for the structure’s material.

Model structure Assumption Parameters
MR-H Fib. Cap Mooney-Rivlin Cip = 9200Nm~2, Cgy = 0Nm™2, k = 3000 MPa, density = 1000 kg m 3
MR-H Lip. Pool Mooney-Rivlin C1p =500Nm~—2, Cp; = 0Nm 2, x = 200 MPa, Density = 1000 kgm 3
MR-H External Wall St Venant-Kirchhoff v=045 E=2x10%Pa
NL-H Fib. Cap, L. Pool and Ext. Wall St Venant-Kirchhoff v=045 E=2x10%Pa
Calcified-M Fib. and L. Pool St Venant-Kirchhoff v=045 E=5x10%Pa
Calcified-M External Wall St Venant-Kirchhoff v=045 E=2x10%Pa
vE E , . . 6
where Ay = ————————— and pu;, = ——— are the Lamé coefficients, E' is the Young modulus (F =2-10
(1-2v)(1+v) 21+v)

Pa), v is the Poisson ratio (v = 0.45) and g the metric tensor. As a result, we could also express the stress in
terms of the strain as S = Astr(e)Is + 2u,€.

Concerning the structural domain representing the atheromatous plaque, we are going to consider three
different model assumptions. In the first one, we use the same material assumption for the plaque as for the
wall. The corresponding full model will be called the Nonlinear Hyperelastic Model (NL-H). Secondly, we assume
the plaque to be calcified and, accordingly with [6, 46] we consider an increased value for the Young modulus of
E = 5-10° Pa. We will refer to this as the calcified model. The two models resulting from these assumptions,
are to a certain extent, classical, and we consider them for comparison purposes. The third model, recently
suggested but not yet applied to patient-specific domains, assumes the plaque to behave differently from the
wall, specifically, to verify the so-called Mooney-Rivlin Hyperelastic assumption. According to this assumption

the second Piola-Kirchhoff stress tensor is given by S = a—w with
5

w = Clo(jl — 3) -+ COl(jQ — 3) + %H(j* 1)2. (23)

In (2.3), J represents the ratio between the current and original volumes and Iy, I5 are the first two modified
strain invariants, to be independent of the volume change (I; = Il/j2/3 and I = Ig/j4/3, where I; and I, are
the first two strain invariants). The use of these modified invariants and the last term in equation (2.3) allows
the description of nearly incompressible materials.

We distinguish between the lipid pool and the fibrous cap by choosing the energy function parameter Cig,
Co1 and k in agreement with experimental measurements taken from [28, 42]. We refer to the whole model as
(MR-H). In Table 1, we summarize the main features, at the structure level, of the three models.

2.2.3. Coupling and boundary conditions

To couple fluid and structures equations (2.1) and (2.2) we used an ALE formulation. We rewrite the equations
of the fluid, the generalized Navier-Stokes equations, in the ALE formulation as

Ou
oy ps((u = w) - V)u = V.- (24(s(w))Duw) + Vop =0 (2.4)
where X is the Lagrangian coordinate and z is the Eulerian coordinate. w is the domain velocity. If w is zero,
the method is simply an Eulerian approach, otherwise, if w is equal to the velocity of the fluid then the approach
is Lagrangian. w can vary arbitrarily and continuously from one value to another in the fluid field. Two coupling
conditions were also considered at the blood-wall interface,
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FIGURE 2. Inlet pressure waveform.

e the continuity of the velocity in time

on

ot’
e and the equilibrium of the stresses
—(2u(s(u))Du — pIz)n = J 'FSFn
where J = det(F) and n is the outward unit vector to the solid domain
—J(2pu(s(u))Du — pI5)F~"ng = FSny,
where ng the outward unit vector to the interface at t = 0 (see [24]). The pressure waveform at the inlet is shown
in Figure 2. In the following section, the simulations were performed over one cardiac cycle: 0.875 s (systolic

and diastolic period).
At the outlets, we consider typical natural BCs where we fix the stress

2u(s(u))Du-n —pn = —pn. (2.5)

VB

5/4
v2ay

related to the mechanical properties of the vessel wall through the expression § =

Q, where @ is the flow rate and Ay the cross-section reference area at rest. The coefficient 3 is

VrhoE

1—p2’

ﬁ:

where E is the
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FIGURE 3. Volume flow rate in the inlet and the outlets.

Young modulus, hg is the wall thickness and v is the Poisson ratio. This linear absorbing condition (LAC) has
a form of pressure, used in [25] and [40] to reduce significantly the spurious oscillations due to backflow from
the outlets in a truncated geometrical domain.

2.3. Computational approach

The resulting coupled system of motion and fluid equations was solved using a finite element space dis-
cretization based on P1-P1 stabilized elements for the fluid, and P2 elements for the structure. To overcome
the fact that the discrete inf-sup condition is not satisfied when using the same degree finite element for both
velocity and pressure, a Galerkin Least Square stabilization [21] was added to the discretization of equation
(2.1). This stabilization technique also allows for reducing numerical instabilities due to dominant convective
effects resulting from increasing Reynolds numbers. This implies the correct choice of penalization parameters
(see [2] and [41]) for equation (2.1), and [5], for equation (2.2).

The time discretization of the fully coupled nonlinear system was done using a backward differentiation
formula (IDA solver) with error controlled variable order and adaptive step-size, as described in [22]. The order
was allowed to change between 1 and 2. The step size was constrained to a maximum of 5 x 1073s. At each
time step, the resulting nonlinear system was solved using the Newton-Raphson method [11]. For each linear
system, the PARDISO upgrade of the direct solver LEVEL-3 BLAS [37]. For the LU factorization, the matrix
preordering algorithm relied on the Nested Dissection Multithreaded [38]. The deformation of the fluid mesh was
computed using the so-called hyperelastic smoothing, that is, by minimizing the hyperelastic energy associated
to a Neo-Hookean material.

As for the outflow boundary conditions, at each time step the pressure p in equation (2.5) is computed
explicitly from Q(t) evaluated at the previous time step as

VPrB

plt+1) =
vaay/

Qt). (2.6)
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FIGURE 4. Left: the 3D mesh for the lipid pool (green) and the fibrous cap (blue). Right: the
3D mesh for the constructed plaque and the lumen.

TABLE 2. Comparison of the (a) velocity magnitude (m/s), and (b) pressure (Pa) values,
obtained within the lumen volume, for different meshes proposed earlier (coarse, intermediate
and fine) at different time (s) steps.

Time (s) Mesh‘ g Time (s) Mesh‘ -
Coarse | Intermediate Fine Coarse | Intermediate | Fine
0.02 0.13039 0.13076 0.13084 0.02 2614.6 2606.9 2609
(a) 0.12 0.44505 0.44595 0.44725 (b) 0.12 13606 13556 13532
0.22 0.29109 0.29175 0.29102 0.22 8621.3 8605.4 8572.8
0.4 0.23193 0.23342 0.23374 0.4 6453.8 6444.1 6429.3
0.47 0.2418 0.24224 0.24196 0.47 6942.4 6930.7 6912.4
0.875 0.14336 0.14245 0.14315 0.875 3818.6 3817 3805.1

Figure 3 presents the volumetric flow rate waveforms in the three arteries, namely at the inlet and outlet
boundaries. We can access the effectiveness of the outlet absorbing boundary conditions (6), by confirming that
the flow division between the two daughter arteries is physiologically reasonable.

The simulations were made using Comsol Multiphysics 5.0 in a workstation with a processor Dual CPU
Xeon CPU E5-2630 v3 @ 2.4GHz and 128 GB RAM memory was used. In order to improve the accuracy while
minimizing the computational cost, we set different element sizes for the mesh approximating the 3D geometry.
Therefore, we used smaller element sizes for the lipid pool and the fibrous cap, which are regions characterized
by strong gradients and high stresses (see Fig. 4).

All the computations and results presented in the next section were performed with the mesh that corresponds
to a total number of degrees of freedom (DOF) of 3 826 996. Additional simulations using a coarse (2668 968
DOFs) and an intermediate size (3083465 DOFs) mesh have been performed to analyze the convergence of the
numerical solutions. Figure 5 presents the time-dependent curves obtained under different mesh densities, while
Table 2 presents velocity magnitude and pressure values at specific time instants.
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FIGURE 5. First row: comparison between the average values of WSS (left) and the total
displacement (right), Second row: comparison between the fluid velocity magnitude (left) and
the pressure (right) in a coarse, intermediate size and finer mesh.

In fact, Figure 5 shows that the average values of WSS and the total displacement curves, in the three meshes,
follow each other closely. These results show that the difference in functional metrics obtained with the selected
mesh (fine) and other assessed meshes is minimum, further showcasing the validity of the use of the mesh with
3826996 DOF's for subsequent numerical simulations.

3. RESULTS AND DISCUSSION

In this section, we present and discuss the numerical results obtained for the three models (MR-H, NL-H and
calcified model) as described above. In Figures 6-8, we can see velocity patterns, fluid stresses, and structural
stresses at three different moments of the cardiac cycle. In Figures 6-8, the position of the plaque at t = 0, was
depicted using black circular edges. This allows a simultaneous perception of the stenotic branch displacement,
at each of the three time instants. Figures 9 and 10 present space averages along the cardiac cycle.

3.1. Flow velocity

Based on the properties of each model mentioned above, the following results allow the analysis of the
characteristics of the pulsatile blood flow. Velocity streamlines are depicted in Figure 6 for the MR-H, NL-
H and calcified model (the first, second and third row, respectively). Concerning velocity magnitudes, one can
observe that the calcified model produces the highest velocities along the cardiac cycle, and that these are located
near the stenosis. In the remaining models, the maximum velocities are smaller, and spread further away from
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FIGURE 6. Velocity streamlines (m/s) at ¢ = 0.12s, 0.2, 0.4s. First row: MR-H; second row:
NL-H; third row: calcified model.

the stenotic region. The NL-H model slightly overestimates the values produced by the MR-H model. Paying
attention to the position of the plaque at ¢ = 0s (black circular edges), we can see that the highest velocity
values coincide with a large displacement of the unhealthy branch. As to the flow structures indicated by
streamlines, one can notice that there are no significant differences between models. For the three models, one
remarks that the flow is disturbed during the systolic phase (up to ¢ = 0.2s), forming recirculations downstream
the stenosis. At t = 0.4s, the flow tends to stabilize in this region. This is not the case in the healthy branch
of the carotid, where the flow forms recirculations close to the inlet pressure’s peak (see Fig. 2), remaining
disturbed after that. The three models are, therefore, consistent in showing recirculation zones in the stenotic
branch. Those are associated, together with other factors, with thrombus formation on the wall [31]. Besides,
disturbed flow induces crucial proatherogenic pathways in endothelial cells, including endothelial inflammation
and dysfunction, permeability dysfunction, thrombosis, and endothelial-to-mesenchymal transition [1].
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3.2. WSS distribution

Figure 7 shows the WSS distributions on the surface of the fibrous cap. Comparing the three cases, one
may observe that for both NL-H and calcified models, the WSS values are higher and cover almost all the
surface, at the systolic phase. The MR-H model shows substantially a big difference in the distribution of the
WSS maximum values. As expected those values are concentrated in the areas adjacent to the upstream and
downstream districts of the artery. In Figure 9 (left), we can see the evolution of the WSS average along one
cardiac cycle. The results are consistent with what was observed in Figure 7 showing higher values for the same
two models along the cardiac cycle. WSS is thought to determine the site-specific preference of atherosclerosis
[10], where fatty streaks and atheromatous plaque were found to be distributed in regions of low WSS [33] such
as the carotid bifurcations [27]. These results are somewhat consistent with other studies [26, 45]where authors
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FIGURE 8. The von Mises stress distribution (Pa) at ¢ = 0.12s, 0.2, 0.4s. First row: MR-H;
second row: NL-H; third row: calcified model.

distinguish between a stenotic plaque with high WSS, thick fibrous cap and small lipid core, and a vulnerable
plaque with low WSS, thin fibroatheromatous cap and large necrotic lipid core.

3.3. von Mises stress

Another relevant quantity that was computed, is the von Mises stress to show the sites of expected failure.
The von Mises theory [44] of failure assumes that the material fails when a maximum value exceeds a failure
threshold characteristic of that material. Based on the assumption that there is a correlation between the
locations of maximal von Mises stress concentration and plaque rupture, Figure 8 shows high stress regions
of plaque. The MR-H model is the one with the highest risk of rupture in the shoulder region of the plaque
(912kPa at t = 0.12s). However, for the NL-H and calcified models the maximal values are observed in the
fibrous cap. Therefore, the results in Figure 9 showing the average values of this stress demonstrated the big
gap between the NL-H and calcified models and the MR-H model where the values are almost negligible. One
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can notice that for the two first models those average distributions curves follow the same shape of the inlet
pressure waveform, while for the MR-H model these distributions tend to zero, possibly due to the elasticity of
the wall and the plaque chosen for different models.

3.4. Carotid displacement

Carotid motion analysis is also considered as a potential index of plaque vulnerability [17, 43]. It can be defined
as the estimation of arterial tissue displacement during one or more cardiac cycles [18]. As mentioned above,
Figures 6, 7 and 8 allow us to perceive the relative motion between the plaque and the adjacent wall, as well as
within the plaque itself. For that purpose, the contours surrounding the plaque region were kept in the initial
position to show the displacement of the structure in the real scale (black circular edges). In the three cases,
practically, there is no significant difference for the displacement in the longitudinal direction. This is consistent
with the average values shown in Figure 10. In contrast, an enlargement in the radial direction is observed in
the MR-H model (see Fig. 7) confirming the hypothesis that vascular calcification may directly increase arterial
stiffness [29]. This is in agreement with several clinical studies demonstrating an association between arterial
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stiffness and atherosclerotic burden as well as between arterial stiffness and incident cardiovascular events (see
[36] and references therein).

4. CONCLUSIONS

This work presents a noninvasive approach for quantifying hemodynamic parameters and structural stress
(using different material assumptions for the atheromatous plaque) at the human carotid bifurcation with
stenosis. The first part consists of reconstructing whole 3D geometry based on the medical image derived from
the MRI. Then a 3D FSI model incorporating fluid-structure interaction (blood-plaque and blood-wall), with
different hyperelastic material assumptions, as well as non-Newtonian effects, is used to analyze the flow and
structures stresses. The three models considered show disturbed flow in the atherosclerotic area, as indicated
in previous findings. The WSS is, as expected, globally higher in the stenotic area, being smaller for the MR-
H, which allows for some compressibility in the plaque region. Concerning the von Mises Stress, the MR-H
model provides highly localized values, indicating a higher risk of rupture on the shoulder of the plaque, when
compared with the other two material assumptions, which indicates higher risk of rupture on the fibrous cap. The
methodology provided realistic simulations and meaningful analysis, while using relatively low computational
power (see e.g. [3]). We believe, therefore, that this methodology may be applied to more patient-specific
systematic analysis.
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