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ABSTRACT

Previous fluid-structure interaction (FSI) studies on carotid bifurcation focused on the effect of wall compliance on the predicted
hemodynamic features in normal or atherosclerotic carotid arteries. However, FSI study on patient-specific post-stent carotid model
is still lacking, and to the authors knowledge no such a study has been reported so far. This study attempts to simulate the full-scale
patient-specific post- stent carotid bifurcation geometry with the hope to understand the effect of wall compliance on hemodynamic
quantities. The FSI model was based on patient-specific geometry consisting of three components i.e., the carotid artery wall and
stent as the solid domain, and blood in the fluid domain. Full FSI simulations incorporating patient-specific boundary conditions at
the inlet and outlets, and realistic homogenous incompressible carotid wall and stent were completed to evaluate the flow patterns
and wall shear stress. The FSI simulation results were compared with the corresponding rigid-wall model. The quantitative difference
in time-averaged wall shear stress (TAWSS) distribution between the FSI and rigid-wall models shows that FSI model predicted 8%
less of the area in the low TAWSS band (<0.4%) compared 0.4 - 1.2 Pa. The results suggest that although the effect of wall compliance
on flow patterns in the patient-specific post-stent carotid model is negligible, its quantitative effect on wall shear stress may not be
trivial and should be considered in future studies.
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1. Introduction

Carotid stenosis is one of the major contributors to the ischemic stroke where blood supply to
the brain is cut off. The vulnerable stenosis could rupture, causing thromboembolism where the small
pieces of plaque are carried to the small cerebral arterial network and blocking the channels, causing
the ischemic stroke. The stenosis can be treated either open surgery called carotid endarterectomy
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or by non-invasive procedure called carotid artery stenting (CAS). Although number of CAS patients
has increased due to it is less invasive and shorter recovery time, two major concerns related to the
efficacy of CAS are the periprocedural risk of vascular events such as death, stroke and myocardial
infarction, and long-term risk of restenosis [1-5].

Major clinical trials reported ISR cases after CAS ranging from 5.0 to 17.3% [3-5], which is higher
than CEA. Several studies used wall shear stress (WSS) as a hemodynamic risk indicator to identify
potential regions of restenosis after CAS [6—9]. Recirculation zones close to the side of the stent struts
result in low WSS, which can induce the production of inflammatory molecules, modulate SMC
proliferation, and could eventually lead to restenosis.

Previous computational fluid dynamics (CFD) studies of post-stent models have been limited to
rigid and fixed geometries for the analysis of flow patterns and WSS. Despite providing a great
amount of information on hemodynamic features in carotid models, the rigid wall assumption may
have some influence on the predicted flow and WSS distributions [10—-13]. FSI simulations have been
performed in the studies of human carotid bifurcation [11-13], coronary artery [14], [15] cerebral
aneurysm [16], [17], aorta [18], [19], renal artery [20] and aortic aneurysms [21], [22]. The studies by
Tang and co-workers [12], [13] on the human carotid bifurcation with atherosclerotic plaque are of
particular relevant to the present study, although their models did not include the stent.

This is the first attempt of FSI on the full-scale patient-specific post-stent carotid model with the
hope to understand the effect of wall compliance on hemodynamic quantities.

2. Methodology
2.1 Geometry reconstruction

The FSI model was reconstructed based on the CTA images of 68-year-old male patient with
asymptomatic chronic stenosis (90% according to NASCET grading) in his right internal carotid artery.
The patient has undergone carotid artery stenting to remove the presence of a significant fibrocalcific
plaque in his carotid. A self-expanding Wallstent (Carotid WALLSTENT™, Boston Scientific, MA, USA)
6-8 x 37 mm was deployed in the ICA and distal to the common carotid artery (CCA). Details patient
imaging procedure and geometry reconstruction has been reported in [23]. The post-stent geometry
used in this study consists of three components: the carotid wall and stent in the solid domain, and
blood in the fluid domain (Figure 1). The complexity in the vicinity of stent struts requires mesh
compatibility between the fluid and solid domains during the FSI simulation. To ensure mesh
independence, the solid domain was divided into 1.2 million elements, while the fluid domain was
discretized into 7 million unstructured tetrahedral elements with local refinement around the stent
struts.

2.2 Boundary conditions

The carotid wall was assumed to be a homogenous, incompressible and isotropic elastic material.
The wall mechanical properties were described using a linear elastic constitutive model with an
elastic modulus of 1 MPa and Poisson’s ratio of 0.49, considering the age and medical condition of
the patient involved in this study, the carotid wall was assumed to be less compliant with a larger
elastic modulus than normal [24]. For the stent, an elastic modulus of 200 GPa and Poisson’s ratio of
0.23 were specified.
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Fig. 1. Detailed mesh elements of (a) solid domain (brown) consists of carotid wall and stent, (b)
fluid domain (blue) and (c) both domains discretized properly to obtain coincide nodes for fluid-
structure interface for FSI simulation.

In the fluid model, the fully developed flow corresponding to Womersley velocity profiles derived
from patient-specific common carotid artery (CCA) flow waveforms measured with Doppler
ultrasound was assumed at the inlet. At the outlets, pressure waveforms of 3-EWM were prescribed,
corresponding to carotid blood pressures of 110 mmHg (systole) and 70 mmHg (diastole) (Figure 2).
The no-slip boundary condition was applied to the fluid at the fluid-structure interface. Zero
displacement constraints were applied at the CCA inlet and both internal carotid artery (ICA) and
external carotid artery (ECA) outlets [14]. For the stent, several nodes at the distal end of the stent
were fully constrained along the axial and trans-axial directions.

05 120

-~ —Velocity
045 ST . - - -Pressure

04

0.35

Velocity [m/s)
o
N
"
Pressure [mmHg]

0.15

0.1

0.05

0 0.1 0.2 03 04 05 06 07 08 09 1
Time [s]

Fig. 2. Patient-specific inlet CCA velocity waveform measured by Doppler ultrasound and
pressure waveform applied at the outlets of ICA and ECA
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2.3 FSI simulations

The arbitrary Lagrangian-Eulerian (ALE) method has been widely used for fully coupled FSI
simulations. ALE is preferable for FSI simulations of the cardiovascular system as the fluid-solid
interface is properly defined, and the variables are calculated directly at the surfaces. Typically, in a
Lagrangian formulation, each node of the mesh element is associated with material properties during
motion while in the Eulerian approach, the mesh element is fixed in space and the continuum moves
with respect to the grid. Considering a moving reference velocity, the Navier-Stokes equation can be
written according to Chiastra et al., [14] and Donea et al., [25]

pr 2E + pe((ve — W). VVg) = —Vp + uV2v; + £ (1)
where vg is the velocity vector, w is the moving mesh velocity vector, p is the pressure, ff;3 is the
body force per unit volume, pp is the fluid density. The term (vg —w) directly involved ALE
formulation where it represents the relative velocity of the fluid with respect to the moving
coordinate velocity.
Meanwhile in the solid domain, the governing equation following the momentum conservation
equation can be described as

V.o, + ff = pglis (2)

where oy is the solid stress tensor, pg is the solid density and U is the local acceleration of the solid.
The fluid and solid domains are then coupled at the FSI interfaces, following two rules: (i)
displacements of the fluid and solid domain must be compatible, (ii) tractions at these boundaries
must be at equilibrium.

Ug = Up (3)
Os.Ng + 0p.ng =0 (4)

Two-way FSI simulation was performed by means of ANSYS Workbench solver using the System
Coupling function. The structural model was simulated using ANSYS Mechanical Structural solver and
the fluid model using the ANSYS CFX solver. The System Coupling connected both solvers through a
series of multi-field time steps, consisting of stagger iterations. The computational time for parallel
computing was 6 days for one cardiac cycle using an Intel Xeon E5-2697 workstation with 32 cores
and 96GB RAM.

3. Results and Discussion

Figure 3 shows instantaneous velocity streamlines obtained with the FSI simulation and the
corresponding rigid-wall model. In general, flow patterns at the systolic and deceleration time points
were similar, with higher velocities observed at the local ‘waist’ of the stented region, isolated spots
around the stent struts at the opening of ECA, and in the ECA due to its small diameter. Accounting
for the wall compliance did not appear to have altered the flow pattern. The stent ‘waist-shape’ was
purposely made in that area due to the presence of extensive fibrocalcific plaque in the arterial wall
—to avoid plaque rupture and embolization. This has created a local constriction about 15% from the
luminal diameter. Moreover, the position of stent that tilted about 20° from the host artery has
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created local flow disruption at the proximal and distal of the ‘waist’ area. These geometric features
caused local flow disruptions in the proximal region of the constriction especially along the outer wall
opposite to the ECA ostium, and at the distal end of the stent. Secondary flow and small recirculation
are also observed near the entrance to the stented segment in the CCA where the stent bends about
20° from the host artery. The flow patterns have been recorded by both FSI model and the
corresponding rigid-wall model.

Both simulations also indicated a slightly higher TAWSS at the ‘waist’ of the stented region as a
result of local narrowing that caused the jet of the fluid. The effect of wall compliance on flow can be
seen clearly in the WSS patterns (Figure 4). Although both models predicted similar locations of high
TAWSS at the apex of the bifurcation (> 5 Pa), and low TAWSS in areas proximal and distal to the
stent waist, the rigid-wall model displayed a larger area of low TAWSS compared to the FSI model.

For a detailed quantitative comparison, areas with different TAWSS values are expressed as a
percentage of the total geometry area, as summarized in Figure 5. The percentage area of low TAWSS
(< 0.4 Pa) is 8% larger in the rigid-wall model compared to the FSI model. It is generally accepted that
arterial walls experiencing WSS less than 0.4 Pa are at risk of atherosclerosis [26], [27]. Figure 5 clearly
shows the similarity in predicted TAWSS patterns between the two models, with the largest wall area
experiencing TAWSS in the range of 0.4 - 0.8 Pa, followed by the range of 0.8 - 1.2 Pa. In these two
largest TAWSS wall areas, the FSI model was observed with higher percentage than the rigid-wall

(71.2% vs 65.2%).
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Fig. 5. TAWSS distributions percentage area of post-stent model, comparing FSI and rigid-wall
models. Each TAWSS bar of the histograms represents the area with a range of 0.4 Pa

The FSl results showed that the rigid-wall model could over-estimate the area of low TAWSS that
could lead to the growth of neointimal hyperplasia, causing restenosis. This could be due to the effect
of the zero-displacement constraint at the ECA outlet that caused a minimum wall displacement of
the bifurcation as well as the stented region. Furthermore, the stiffness of the stent that attached
directly to the wall had kept the wall from expand which might reduce the TAWSS in the region.
Nevertheless, the results suggest that although the effect of wall compliance on flow patterns in the
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patient-specific post- stent carotid model is negligible, its quantitative effect on wall shear stress may
not be trivial. The findings on this preliminary work were not applied to the idealized stented arterial
models [14], [28]. Studies on idealized stented coronary artery indicated that rigid wall simulations
appear adequate for the prediction of near-wall quantities such as WSS.

Nevertheless, future FSI on stented carotid also should include a variable wall thickness and multi-
layered wall. A more realistic model for carotid wall material could be implemented in the further
studies by considering hyperelastic incompressible isotropic that account multi-layered
characteristics of the arterial wall [29]. The tethering of the post-stent model at the inlet and outlets
might also affected the accuracy of the simulation result. Moreover, the assumption that was made
to reduce the movement of the stent by locally assigned fixed constraints at several points at both
ends of the stent could also influenced the TAWSS calculations. Finally, this study also limited only to
a single case and should not be generalize for the haemodynamic quantities in relation to the effect
of wall compliance in the stented carotid.

4. Conclusions

The comparison between FSI and rigid-wall simulations demonstrated that the effect of wall
compliance on wall shear stress in the post-stent carotid model is not trivial and should be considered
in future studies. The quantitative comparison of TAWSS level showed the rigid-wall simulation
predicted slightly larger areas of low TAWSS (< 0.4 Pa) than the FSI, however, the FSI predicted larger
areas of TAWSS between 0.4 and 1.2 Pa. Nonetheless, at this point it is worth mentioning even
though previous studies using idealized post-stent models reported the effect of wall compliance on
coronary artery can be safely ignored [13, 24], results obtained in this study using patient-specific
post-stent carotid bifurcation model showed 8% difference in the prediction of TAWSS value lower
than 0.4 Pa. Thus, the effect of wall compliance should not be neglected in patient-specific post-stent
models.
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