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Abstract. Aneurysms are abnormalities formed in some regions of the human vascular system and are characterized
by dilated and thin regions of the arterial wall. One of the most common types occurs inside the brain arteries in
the circle of Willis. These intracranial aneurysms are extremely dangerous because in case of rupture they can cause
sub-arachnoid hemorrhage, with consequent death or presence of permanent damage to the patient. Causes of aneurysms
have been investigated for a long time, and researchers agree that hemodynamic effects play a key role in the rupture
of brain aneurysms. With the development of scanning techniques of the cerebral vascular system, it has been possible
to obtain the geometry of aneurysms allowing numerical methods for the solution of blood flow to be used. Since then,
several researchers have been investigating the influence of biological and hemodynamic variables on aneurysms rupture
considering arteries and aneurysms as rigid walls. It has been only in the last decade that few works started investigating
the influence of flexible walls — that is, including the fluid-structure interaction problem — on those variables. In this work
we simulated the blood flow in patient-specific aneurysm geometries using the open-source library foam-extend-4.0 to
numerically solve the fluid-structure interaction problem. By comparing the flow parameters — wall shear stress and flow
impingement on the aneurysm wall — between the results of the simulations considering rigid and flexible walls hypotheses,
we evaluated the influence of wall flexibility on such parameters, concluding that the flexibility of the walls influences the
flow parameters that can lead to rupture.

Keywords: Intracranial aneurysms, numerical simulation, fluid-structure interaction, foam-extend
1. INTRODUCTION

Aneurysms are arterial abnormalities defined as dilated regions of the artery wall. These abnormalities can arise at
different sites of the human vascular system, more commonly found on the abdominal aorta and arteries that reach the
brain. Intracranial aneurysms generally occur on arterial bifurcations located in the base of the brain, in the circle of Willis
— formed by the internal carotid arteries, the vertebro-basilar system and their branches — or at nearby locations and their
size can vary from 1 mm to 25 mm and even larger. Figure la shows a schematic figure of an aneurysm with its main
geometric parameters and Fig. 1b depicts the brain vessels tree.

The rupture of intracranial aneurysms represent a high risk to the patient: they cause a mortality rate between 40 and
50% and also present high morbidity risk (permanent injury). It is also estimated that 2 to 3% of the world’s population
have intracranial aneurysms (Qureshi et al., 2007). It is reported that 85% of Subarachnoid Hemorrhage (SAH) cases, a
devastating event that can be fatal or lead to a severe neurological deficit, are caused by the rupture of these aneurysms
(Gijn and Rinkel, 2001; van Gijn et al., 2007; Zacharia et al., 2010). Hop et al. (1997) concluded that fatal cases of
SAH occurred from 32 to 67% and about one-third of morbidity among the patients who survived. The work of The
International Study of Unruptured Intracranial Aneurysms Investigators (2003), one of the most relevant scientific works
on rupture of intracranial aneurysms being used until today for the decision of their treatment, evaluated the probability
of SAH over time for a group of 1,077 patients — followed up over 4.1 years — who had no previous cases of SAH, for
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Figure 1. (a) Aneurysm dome, its parent artery and aspect ratio, A,, definition: aneurysm dome height, z4, divided by
d,, the neck diameter; the parent artery has diameter d; (b) Frontal view of the skull with the location of the main
arteries of the brain arteries tree, with the most common bifurcations where aneurysms can grow.

different aneurysm sizes and concluded that the risk of SAH increases over time and for larger aneurysms. The same study
reported that, of the 193 patients who died during the follow up period, 27% died of intracranial hemorrhage.

Currently, the two major treatment techniques for intracranial aneurysms are surgical intervention — direct clipping, for
example — and endovascular treatment — placement of coils inside the aneurysm dome and intra-vascular stent placement or
occlusion of the parent vessel (Qureshi ez al., 2007). However, these interventions also present risks to patients. According
to Torii et al. (2006), risks of permanent damage and death due to treatment and post-operative procedures are about 10%.
Hence, one should evaluate the best alternative for the patient using a methodology that could provide more precise criteria
for the recommended treatment. Currently, physicians use statistical methods based primarily on the size of the aneurysm
—its dome height, h4 — to assess the probability of rupture.

Although the factors that lead to the rupture of intracranial aneurysms are still not well understood, more recent studies
agree that the effects of blood flow inside the vessels (hemodynamic) are crucial for the development of these processes
(Penn et al., 2011; Meng et al., 2014). The most relevant hemodynamic parameters taken into account in these studies
are: the Wall Shear Stress (WSS) due to the flow velocity gradient adjacent to the aneurysm wall and its gradient, flow
patterns inside the dome such as the jet impingement on the aneurysm wall, the Oscillatory Shear Index (OSI), hydrostatic
pressure, transmural pressure — difference between the pressure inside and outside the artery wall — and flow vorticity. The
problem is how to obtain these parameters.

With the development of computational imaging techniques — such as three-dimensional (3D) Digital Subtraction
Angiography (DSA), 3D Rotational Angiography, Magnetic Resonance Angiography and Computed Tomography An-
giography (Cebral and Cerrolaza, 2003; Wong and Poon, 2011) —, the geometry of patient-specific intracranial aneurysms
can be obtained, allowing numerical simulations of the flow in realistic blood vessels and aneurysms through Computa-
tional Fluid Dynamics (CFD) (Steinman et al., 2003; Shojima et al., 2004; Castro et al., 2006; Torii et al., 2008; Bazilevs
etal.,2010; Luet al.,2011; Evju et al., 2013; Karmonik et al., 2014; Byrne et al., 2014; Fukazawa et al., 2015). Since the
flow in aneurysms presents complex geometries, unsteady flow and complex rheological behavior, limited computational
power prevented the use of CFD in the early simulations of flows in aneurysms for a large number of patients. However,
with the fast increase in processing power of current computers, CFD is becoming suitable for studying particular cases of
aneurysms.

In recent studies, researchers included the vessel wall motion in the numerical model (Bazilevs et al., 2008, 2010; Lee
et al., 2013; Torii et al., 2007, 2008, 2009; Tricerri et al., 2015), accounting for the interaction between the blood flow and
the artery and aneurysm wall flexibility, i.e. resolving the actual Fluid-Structure Interaction (FSI) problem. Bazilevs et al.
(2010) compared the results of WSS obtained for rigid and flexible wall models and found that there is an overestimation
of the WSS value of up to 36% if the vessel walls are considered rigid, indicating that to obtain more accurate values of
the hemodynamic parameters, rigid wall may be a very crude assumption.

The objective of this work is to use CFD techniques to perform numerical simulations of two patient-specific aneurysms,
resolving the actual FSI problem to evaluate its influence on physical parameters related to the flow in intracranial aneurysms
and to its rupture — such as WSS and the flow patterns in the aneurysm — for different wall models: rigid and flexible wall.
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2. METHODOLOGY
2.1 Problem Domain

We model the geometry of the aneurysm problem as a domain Q, with boundary I', composed of a solid domain Q° —
the artery wall — and a fluid domain Qf — the blood flowing —, i.e. Q = Q5 U Qf with solid and flow boundaries indicated
by I'S and T'f, respectively, as shown schematically in Fig. 2, which also shows the physical conditions applied to each
boundary. The figure also shows the fluid-solid interface I' = I' N I'S. The properties of the fluid are the density p' and
the dynamic viscosity u' (with kinematic viscosity v), while the properties of the solid material are represented by its
density p°, Young’s modulus E and Poisson’s ratio v*.
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Figure 2. Solid, Q°, and fluid domains, Qf, fluid-solid interface I'S and boundaries of each region with its respective
physical boundary condition.

2.2 Physical and Mathematical Model of the Blood Flow

We consider the blood as an incompressible Newtonian fluid with constant dynamic viscosity, in an isothermal laminar
flow regime — the velocities found in an aneurysm flow yield a Reynolds number, Re, of about 600 to 700 based on the
parent artery diameter. The blood density and kinematic viscosity were considered to be 1,000 kg/m? and 3.3 x 1076 m?/s,
respectively (Isaksen et al., 2008).

Since the flow domain can change in time due to the artery and aneurysm motion, the flow governing equations are
presented in the Arbitrary Lagrangian-Eulerian (ALE) formulation (Belytschko et al., 2014; Donea et al., 1999), which
uses the reference coordinate system, y to describe the movement of the domain. The equations governing the fluid motion
are the continuity equation for incompressible flows, derived from mass conservation principle, written in integral form
for a moving control volume V = V(¢), with surface S, as:

95 p'viends =0 (1)
S(t)

where n is the unit normal vector to S pointing outwards and v’ is the flow velocity field. For a moving frame of reference,
mass conservation is written as in Eq. (1) if the moving control volume V (¢) satisfies the geometric conservation law
(Demirdzi¢ and Peric¢, 1988):

ﬁ|f dv:9§ w+ndS )
Otly Jvay S@)

where w is the velocity of the surface of the control volume; the momentum equation, derived from the balance of linear
momentum in integral conservative ALE form for a Newtonian fluid with constant properties is written as:

d
—| f ol (x,H)dV + 9§ P (v - w) +nds = —9§ pndS +56 Wy ends 3)
otly v S(t) S(t) S(t)

where the bar with y on the temporal term means that the derivative is calculated with y fixed and p is the pressure.
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Boundary and Initial Conditions

A trivial initial condition is usually used, however we chose to use the numerical solution of the flow velocity and
pressure fields from a numerical simulation considering the aneurysm wall as rigid. The conditions at each domain
boundary are shown in Fig. 2. For velocity and pressure in the flow domain, they are:

* Inlet: the inlet is a cross section located in the parent artery of the aneurysm (Fig. 2) which depends on the aneurysm
branch location. The condition imposed is a specified time-varying velocity, corresponding to the flow pulse from
the beginning of systole until the end of the diastole. Such waveform profile, measured in the internal carotid by
Ford et al. (2005), is shown in Fig. 3a as a normalized flow rate based on the temporal average blood flow rate.
Since the aneurysms studied here are located in different bifurcations of the brain vessels tree, we calculated the inlet
velocity multiplying this normalized flow rate by the average blood flow rate of the artery of interest. The average
blood flow rate, g,, for different portions of the brain vessels tree was provided by Zarrinkoob et al. (2015), who
measured it as a percentage of the total blood flow rate to the brain vessels for normal subjects (11.95 + 2.05) ml/s,
as shown in Fig. 3b, which presents the mean and the standard deviation values. Finally, the velocity profile was
computed using the known cross sectional area of the inlet section (calculated from the fluid mesh). At the inlet,
the pressure gradient was set to zero.
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Figure 3. (a) Experimental normalized flow rate for the internal carotid (prepared by the authors with data provided by
Ford et al. (2005)); (b) Average blood flow rate through the arteries of the brain as a percentage of the total blood flow
rate entering the brain, with each respective standard deviation (prepared by the authors with data from Zarrinkoob et al.
(2015)).

* QOutlets: the outlets are located on the vessels after the aneurysm bifurcation. Even for incompressible flow, it is
important to use the actual level of pressure in the FSI context because this information is interpolated as a boundary
condition for the solid problem. Therefore, we specified a constant pressure, equal to the average pressure level in
the human body ~ 100 mmHg (13,333 Pa);

 Wall: This boundary corresponds to the FSI interface, I'S. We present this boundary condition in details in Section
2.4.

2.3 Physical and Mathematical Model of the Artery and Aneurysm Wall Tissue

The solid domain of the problem is the artery and aneurysm walls with a specified uniform thickness found in the
literature and we chose the elastic linear isotropic model to describe its mechanical behavior.

The mechanical properties of the wall tissue were considered uniform and constants: p* = 1,000kg/m?, E = 1 MPa
and v® = 0.45 (Isaksen et al., 2008). A uniform thickness of 0.15 mm for the aneurysm and artery wall was used. We relied
on values found in the literature because the measurement of these properties, like Young’s modulus and Poisson’s ratio
for example, of living tissues is still difficult. Moreover, the wall thickness is also hard to measure due to poor resolution
of the images used.



24th ABCM International Congress of Mechanical Engineering (COBEM 2017)
December 3-8, 2017, Curitiba, PR, Brazil

The governing equation for each model is derived from the balance of linear momentum and it is written in the following
form for a deformable solid under defined boundary conditions in rotal Lagrangian formulation (Belytschko et al., 2014)
with displacement field u:

0u
péw = o8 +Vo-P 4)

where g is the gravitational acceleration (accounting as a body force) and P is the nominal stress tensor, a multiaxial
extension of the engineering stress and pj, is the initial solid density. We use the lower script "0" for differential operators
calculated at the initial material configuration, which is represented by the material coordinates & (Belytschko et al., 2014).

To close the solid problem formulation, we invoke a constitutive equation for the solid. We used the isotropic elastic
model with linear (small deformations) behavior, and its constitutive equation is given by Hooke’s law:

o’ =2u°s + Atr(e)l &)

where p* and A° are the Lamé’s constants; I is the second order identity tensor; o® is the Cauchy stress tensor — or true
stress —, which is related to the multiaxial nominal stress by the following equation:

s 1
o= det(F)F P 6)

where F is the deformation gradient tensor (Belytschko et al., 2014). The linear strain tensor, &, is a function of the solid
displacement u:

&= (Vou + Vgu) 7

| =

Combining Eq. (4) with the constitutive equation and strain tensor definition yields a partial differential equation for
the solid displacement u, which is the equation solved for the solid part of the FSI aneurysm problem.

Boundary and Initial Conditions

The initial condition, as for the fluid case, is the numerical solution of the simulation considering only the wall as part
of the problem. Using the stress distribution on the wall from the flow solution, a displacement field is obtained and hence
used as initial condition. The following boundary conditions were used:

* For the adjacent sections of the arteries — see Fig. 2 —, the displacement was set to zero;

e Internal and external surfaces of the aneurysm and artery walls: a Neumann boundary condition was used, derived
from the elastic linear constitutive relation:

£ = [@u + 2)Vou + 1V u + 1tr(Vow)I = (2° + 1) Vou| -n* ®)

where #* is the traction on the surface, which depends on the stresses and pressure acting on the surface and n® is
the unit normal vector to the surface pointing outwards. Rearranging Eq. (8) yields:

£ = [VEu + Btr(Vou)l — (2° + pi*)Vou | - n®

(Vou) «n* = 24 + A

(€))

that corresponds to a displacement gradient specification. The gradients in the right hand side of Eq. (9) are
calculated explicitly.

On the inner surface of the aneurysm and artery walls — the FSI interface —, #* is evaluated using the dynamic
condition at the FSI interface, as will be show in Section 2.4.

On the outer surface, Eq. (9) still applies, however the traction #* is due only to an uniform pressure applied on it,
according to:

t’ = —pn® (10)

where p on the outer surface is approximately S mmHg and corresponds to the intracranial pressure.
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2.4 Physical Condition on the FSI interface

Regarding the boundary condition on the fluid-solid interface, the formulation presented is usually called Dirichlet-
Neumann formulation of the FSI problem because the flow equations are solved for a specified velocity at I'™ due to the
kinematic condition that guarantees the continuity of velocity at this boundary:

f — (S — d_u
(V )rfs - (v )]"fs - (d[ )1—‘fS (11)

whereas the solid equation is solved with an imposed traction on I' due to the dynamic condition of traction continuity
at the interface, expressed as:

(0'f . nf)rfs +(0*en®)m =0 (12)
—_— T
tf

ts
and therefore, this last condition gives ¢° of Eq. (9). In Eq. (12), n" and n® are the normal vectors on I'® pointing outwards,
respectively, of the solid and fluid domain.

2.5 Domain Discretization

The patient-specific aneurysms geometries were extracted from digital subtraction angiographic (DSA) studies, using
the open-source package VMTK®, which also generated the computational meshes used. Figure 4 shows the sequence
of steps performed in VMTK® for generating the final surface, which was used to create the fluid and solid meshes, for
one of the cases studied here: first, the whole surface of the vessels tree is extracted as a surface computational, which
is then segmented for obtaining only the region where the aneurysm is located and, finally, extracting the final aneurysm
and surrounding vessels surface. The fluid mesh is then created using Netgen (an open-source automatic tetrahedral mesh
generator) and the solid mesh is created by extrusion of the surface using the utility extrudeMesh of foam-extend-4.0,
the package used for the FSI simulations.

()

Figure 4. (a) Volume rendering representation of the DSA image of the aneurysm and surrounding vessels (rendered in
ParaView®); (b) Segmented surface using VMTK® (as a red surface); (c) final extracted portion of the surface containing
the aneurysm geometry.

The geometries of the aneurysms studied here, which we name as "case 13" and "case 11", are shown in Fig. 5. Table 1
provides the geometric characteristics of these aneurysms such as height &4, neck diameter d,,, parent artery, aspect ratio
defined as the dome height divided by the neck diameter, and mean blood flow rate in the parent artery. The table also
shows the total number of cells of the fluid and solid meshes of each case.

Fluid Mesh Motion

The fluid mesh must be updated according to the movement of the solid (artery and aneurysm), therefore is recommended
to use a dynamic mesh methodology to avoid large distortions of the cells. We used a method based on the Laplace equation’s
solution for the velocity of cell centroids. This technique consists of solving the following equation:

Ve(yVw) =0 (13)
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Figure 5. Aneurysm geometries used: (a) case 13, an aneurysm occurring on the ICA bifurcation and (b) case 11,
occurring on the bifurcation of the MCA.

Table 1. Geometric parameters of the aneurysms studied here: parent artery and its diameter d,, neck diameter d,,, dome
height A, and diameter d4, aspect ratio A,, the mean blood flow rate through its parent artery, g, and the total number of
cells in each mesh.

Parent Artery d, (mm) hgy (mm) dg(mm) d, (mm) A, (-) gg (ml/s) Number of Elements
Fluid Mesh  Solid Mesh

case 13 Right ICA 4.3 5.7 5.0 3.1 1.3 43 628,565 117,744
case 11 MCA 7.0 7.9 7.1 2.8 1.3 25 786,002 133,248

where vy is a "mesh diffusivity"; w is the control volume centroid velocity. We used a distance-based approach where vy is
given by:

Y=% (14)
where [ is the cell centroid distance to a selected moving boundary which is, for the aneurysms simulations, the aneurysm
wall — the fluid-solid interface. As presented by Jasak and Tukovi¢ (2006) this approach leads to a more "rigid" mesh close
to the selected boundary because v is higher, preserving the original quality of the cells. Since we used a refined layer of
prismatic elements close to the aneurysm and vessels walls, this is the desired behavior.

The boundary conditions for w are: on inlets and outlets we specify zero velocity conditions. For the aneurysm wall,
which is the fluid-solid interface, the velocity boundary condition is interpolated from the solid displacement of the last
coupling iteration.

After solving Eq. (13), the cell centroid velocity, w, is interpolated from the cell centroid to the geometric nodes. We
call this interpolated velocity w;,,q.. Finally, the mesh nodes coordinates are updated by:

Xpew = Xold + Wpode At (15)

where At is the time-step of the flow numerical simulation, x,.,, and x,;4 are the mesh nodes position after and before
solving the equation, respectively.

2.6 Numerical Methods and Data Analysis

To solve the system of equations governing the FSI problem — Egs. (1), (3) and (13) with the solid equation — under the
boundary conditions presented in Sections 2.2, 2.3, and 2.4we chose the Finite Volume Method (FVM) (Patankar, 1980;
Moukalled et al., 2016), since it is one of the most used numerical methods for CFD applications and is starting to be
used for Solid Mechanics problems (Cardiff, 2012; Cardiff er al., 2016). We used the open-source package foam-extend
(OpenFOAM-Extend, 2017), version 4.0, which has a specific extension providing a solver for FSI problems.

The foam-extend package uses the FVM with collocated variables arranged in a cell-centered discretization of the
governing equations. A finite-volume mesh is composed of non-overlapping polyhedral cells with polygonal flat faces and
each internal face is shared by two cells; external faces, which compose the boundaries of the domain, belong to only one
cell. The meshes presented in Section 2.5 follow these conditions. The complete discretization process of the FVM can
be found in more specific literature such as Moukalled et al. (2016) and Versteeg and Malalasekera (2007).
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To couple the governing equations through the FSI interface, we used a partitioned methodology implemented in
foam-extend, which consists of solving the flow problem, Egs. (1) and (3), the solid problem, and the mesh motion
equation, Eq. (13), separately and sequentially with the conditions at the fluid-solid interface, Eqs. (11) and (12), obtained
interpolating each solution at this interface. One of the main advantages of this approach is the ability to re-use algorithms
already developed, allowing different discretization for each domain if needed. Therefore, two computational meshes are
provided and the rest of the work consists of building an algorithm that performs interpolation of variables between the FSI
interface of each mesh. Figure 6 shows an example of a computational mesh of an aneurysm domain Q for a FSI problem
treated in a partitioned manner: the fluid and solid meshes are separated and have the FSI interface, 'S, in common; we
call F]fflm. ,, the fluid mesh boundary that corresponds to the FSI interface and Fﬁi}li o4 for the solid mesh. The same figure
also shows the interpolation of variables between these surfaces: after solving the governing equations of the flow, the

pressure p and traction ¢ fields are interpolated from I'*, ~ to T - on the other hand, once the solution of the governing
fluid solid

equation of the solid is known, the displacement u and velocity v* at T . are interpolated to T'S, . .
solid fluid

Fluid Mesh

fs
1qfluid

Figure 6. Schematic two-dimensional representation of the fluid and solid meshes of an aneurysm geometry showing
each FSI interface and the interpolated variable between the solid and fluid mesh interfaces.

Although flexible, partitioned methodologies are very unstable (Bazilevs et al., 2012), especially for problems with
strong physical couplings between the fluid and structure, e.g., high fluid and solid density ratio, which occurs when the
solid is very light compared to the fluid, and/or incompressible flow leads to unconditionally instability of the computational
solution (Degroote et al., 2008; Causin et al., 2005). This is exactly the case with the aneurysm flow problem. In general,
coupling schemes are applied in these situations to improve solution stability.

We chose to use a robust procedure, proposed by Degroote et al. (2009) and implemented in foam-extend, called
Interface Quasi-Newton-Implicit Jacobian Least-Squares (IQN-ILS) to couple the equations. This procedure solves a
residual form of the equation that governs the position of the FSI interface in each time-step, using quasi-Newton iterations
and approximating the product of the inverse of the Jacobian by the residual vector through a least-squares method. The
complete procedure is presented by Degroote et al. (2010).

Once completed the simulations, we visualized the flow velocity and WSS fields, the last one calculated as WSS =
|WSS|, = (IIT-anI)FfS, using ParaView®, an open-source software for post-processing of CFD simulations. This
software has a large number of filters that allow processing and displaying all field variables of the flow, of the solid, and
of the wall-fluid interface.

3. RESULTS
3.1 Mesh-independence analysis

Regarding code verification analysis (Oberkampf and Trucano, 2002), foam-extend is widely used in industrial and
academic research and has been tested in several fields. For FSI problems solved using an extension of the code, three
benchmark cases were provided with the latest release. Regarding validation of the numerical solution, unfortunately, we
were not able to validate the results experimentally. The other requirement is the verification of the numerical accuracy
of the simulations presented here. In the rest of this section, we analyze the numerical accuracy of our results through a
mesh-independence analysis.

We evaluated mesh-independence of the numerical solution qualitatively, comparing the spatial distribution of WSS
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on the aneurysm surface, and quantitatively using the surface area averaged WSS over the surface of the geometries used.
To perform this study, we solved the flow considering the rigid wall assumption. The meshes of all cases were tested, but
for brevity we illustrate the procedure here only for cases 13.

Figure 7 shows the WSS on the surfaces for meshes with ~ 300,000, ~ 600,000, and ~ 1,000,000 control volumes for
case 13. We see in the figure that there are small qualitative differences regarding the WSS for meshes with ~ 600,000
and ~ 1,000,000 control volumes, i.e. the overall pattern of the WSS field is already established for the mesh with ~
600,000 control volumes, suggesting that this level of refinement is adequate. Figure 8, on the other hand, shows how the
area-averaged WSS over the whole mesh surface varies with time, for two cardiac cycles, where the area averaged WSS is
given by:

— 1
WSSs = — (16)
S

f (WSS)dS
N

where S is the wall surface and Ag its area. Results show that there are only small differences of the area-averaged WSS
for the three meshes. Therefore, we conclude that the fluid mesh with ~ 600,000 is sufficiently refined to provide accurate
results, at least for the WSS field, which is the main parameter studied here.
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Figure 7. WSS magnitude distribution on the surface of the aneurysm of case 13 for fluid meshes with (a) ~ 300,000, (b)
~ 600,000 and (c) ~ 1,000,000.
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Figure 8. Area-averaged WSS as a function of time for the whole surface for case 13 fluid mesh, with total number of
control volumes ~ 300,000, ~ 600,000 and ~ 1,000,000 to test mesh independence of the averaged WSS.

Although it would be more appropriate to still use meshes with a higher degree of refinement — number of control
volumes greater than 1,000,000 — however, we had to take into account a balance between adequate accuracy and reliability
with reasonable computing time and resources requirements. For very fine meshes the required number of processing
units increases considerably. Furthermore, the explicitness of the Interface Quasi-Newton-Implicit Jacobian Least-Squares
(IQN-ILS) method for the FSI coupling requires the use of small time-steps to maintain stability of the technique. The
range of time-step was chosen by observing the behavior of the evolution in time of the numerical solution, which seems
to be stable if the maximum Courant number, Co, is smaller than 1. The Courant number is defined as the ratio:
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where ¢ is a length defined for a cell; since foam-extend has support for generic polyhedral cells, ¢ is defined as the
projection of the vector joining adjacent cells centroids on the face normal direction. The condition Co < 1 is a well
know condition for the stability of explicit temporal discretization techniques for advection problems. Although we used
an implicit temporal discretization of the governing equations for the fluid and solid problems, the coupling iterations
diverged when Co > 1. We did not find any reference in the literature for this connection between the Co and the stability
of coupling FSI techniques, however the literature reports that the temporal discretization approach for the solid and fluid
equations has influence in the stability of partitioned techniques (Forster ef al., 2006a,b), which could indicate a relation
with the Courant number. Therefore, using Eq. (17) yields a time-step of 1 x 107 s for case 11 and 0.5 x 107 s for case
13.

3.2 Simulations Results

Figures 9 and 10 show the WSS and velocity fields for case 13, respectively. The scale was set up using a reference
value of WSS =~ 1.5 Pa, below which the WSS can degenerate endothelial cells and possibly lead to rupture, as concluded
by Shojima et al. (2004). In Fig. 9a (rigid walls model) we identify a large region of low WSS on the back of the aneurysm
dome, caused by a large recirculation zone due to the direction of the flow jet that enters the aneurysm: the jet collides with
the neck — point A in Fig. 10a — causing a recirculating flow within the dome and, more precisely, in the region indicated
by point B in Fig. 10a, which is the cause of the lower levels of WSS. However, in the flexible wall simulation, the low
level of WSS in that region disappears — region A in Fig. 9b. In Fig. 10b, we see that the flow jet entering the aneurysm
dome is less intense because part of its initial kinetic energy is lost due to the wall deformation, which changes the flow
pattern inside the aneurysm dome, increasing the flow velocity — region B in Fig. 10b — hence increasing the WSS level
on the aneurysm wall.
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Figure 9. Comparison of WSS on the surface of case 13 with (a) rigid wall and (b) linear elastic wall models at peak
systole (the white arrow at the top left corner indicates the direction of the view).
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Figure 10. Volume rendering representation of the velocity field of the aneurysm of case 13 for (a) rigid wall assumption
and (b) elastic linear wall model at peak systole; arrow A indicates the region of flow impingement, for this case
occurring at the aneurysm neck.

Figure 11 shows the WSS for case 11 with rigid and linear elastic wall models. Also for this case, we observe that the
WSS levels increase on the overall surface of the aneurysm when we use the linear elastic wall model. The velocity field
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inside the dome of this aneurysms is more intense, because the flow jet impinges the aneurysm wall. More important is
the fact that the WSS is remarkably higher than 1.5 Pa for the two cases when the flexible wall model is applied, which, as
explained before, is a limit below which the vessels wall could be damaged.
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Figure 11. Comparison of WSS on the surface of case 11 (a) with rigid wall and (b) with linear elastic wall models at
peak systole (the white arrow at the top left corner indicates the direction of the view).

Figure 12a shows a volume rendering representation of the velocity field of the flow for case 11 obtained with the rigid
wall model at the peak systole (f = 0.1s), while Figs. 12b to 12d show the flow field of the same case obtained with the
linear elastic solid model at the instants 0.05 s, 0.1 s (peak systole), and 0.15 s, respectively. Comparing Figs. 12a and 12¢
(at the same instant) it is possible to see that the level of velocity is higher for the FSI case, as shown for case 13, explaining
the higher levels of WSS encountered (see Fig. 11b).

Another important feature of case 11, which has not occurred in the other case, is the jet flow impingement direction.
The direction of the flow entering the aneurysm was investigated in numerical studies and some aspects of the flow patterns
were related to rupture, such as flow impingement on the aneurysm dome (Cebral et al., 2005). From the volume rendering
representation, we can see that the flow enters the aneurysm dome and collides with the aneurysm wall (the jet in red
in Figs. 12c and 12d). The important feature of this case is that the jet impinging the aneurysm completely changes its
geometry due to the force caused by the jet, which rotates the dome to the right — the relative displacement is of the order of
its parent artery diameter —, as we can see in Fig. 13a. In Figs. 12b to 12d, the gray surface indicates the original position
of the aneurysm geometry. Finally, Fig. 13b shows the relative position of the aneurysm geometry at the initial instant and
at instant 0.15 s of the cardiac cycle.

Inflow jet

() (b) (© (d

Figure 12. Volume rendering representation of the velocity field of case 11 (a) for the rigid wall model at peak systole
and for the linear elastic model at the instants (b) 0.05 s, (c) 0.1 s (peak systole) and (d) 0.15 s of the cardiac cycle,
showing the jet impingement at the aneurysm wall and the consequent geometry change of the aneurysm.

4. CONCLUSIONS

The results show that the flexible aneurysm wall model changes the values obtained for the hemodynamic parameters
that may lead to aneurysm rupture. This can be explained once we know that the aneurysm fluid-solid problem is strongly
coupled: the motion of the artery changes the fluid domain sufficiently to alter the flow variables in a significant way
and, most importantly, the hemodynamic parameters usually related to aneurysms rupture. Therefore, we suggest that
the flexible wall model should be used to simulate the flow in cerebral aneurysms because this can change the medical
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Figure 13. (a) Displacement field magnitude of aneurysm case 11 at instant 0.15 s of the cardiac cycle and (b) relative
position of the aneurysm geometry for instants 0s and 0.15 s of the cardiac cycle.

decision about the correct treatment of a patient: using the rigid wall model, the WSS levels are lower than the reference
value and this would suggest some type of medical treatment; instead, if the flexible wall model is used, the WSS levels
are higher and this would not suggest any type of medical treatment.
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