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Abstract. Although intracranial aneurysms (IAs) have been extensively investigated in the last three decades by using
numerical techniques, the bulk of these works have been focused on using Computational Fluid Dynamics (CFD) to
simulate the blood flow, since substantial evidence shows that hemodynamics plays a crucial role in this pathology.
However, most works assumed the vascular tissue as rigid, i.e., ignoring the effect of its elasticity. Nevertheless, it is well
known that arteries exhibit nonlinear and anisotropic constitutive behavior with heterogeneous mechanical properties.
Moreover, the vascular wall does not have uniform thickness. Relatively few works have investigated the impact of
wall tissue modeling on the mechanics of IAs: some of them have focused on the hemodynamics without presenting the
eventual changes on tissue stress and deformation; while others have numerically simulated the IA sac only — isolating
the aneurysm and removing the vascular branches — by using a membrane model approach that assumed a uniform
thickness throughout the aneurysm. To have better models to study the mechanics of IAs in a Fluid-Solid Interaction (FSI)
context and while patient-specific data is not routinely collected yet, it is important to understand the impact of modeling
choices on the wall mechanics of this pathology since an IA rupture, which physicians ultimately try to prevent, is a
wall-exclusive event that depends on the level of stresses. In this context, this work investigates the influence of thickness
heterogeneity directly on the wall mechanics for the St. Venant-Kirchhoff and the neo-Hookean models by numerically
simulating a pressure-inflation model of two patient-specific vasculatures with ruptured and unruptured IAs, collected
from medical images. Our results suggest that the uniform thickness modeling choice throughout the vasculature may
overestimate or underestimate the von Mises stress on the aneurysm depending on the value of this uniform thickness.
Furthermore, this seems to be consistent for different constitutive laws. Therefore, it is essential to account for a realistic
modeling of the wall thickness distribution on a vasculature when investigating IA wall mechanics.
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1. INTRODUCTION

Intracranial aneurysms (IAs) are pathological dilatations of the human vascular system normally found in the bifur-
cations of the cerebral arteries tree. This disease has, in the past three decades, been investigated experimentally (Meng
et al., 2007; Metaxa et al., 2010), which, for example, led to the understanding of the importance of hemodynamics on its
development, but also numerically through Computational Fluid Dynamics (CFD), which provided detailed information
on the hemodynamics (Liang et al., 2019) — although still being a debatable topic in the clinical practice (Kallmes, 2012;
Cebral and Meng, 2012).

Due to the nature of this pathology, better modeling is continuously sought for more reliable numerical simulations,
for example, through the use of Fluid-Solid Interaction (FSI) modeling, which poses challenging numerical difficulties
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(Causin e al., 2005; Forster et al., 2007), thus its use is not widespread to simulate blood flow in IAs. Computational
Solid Dynamics (CSD) have also been used, for example, to study the IA wall mechanics, with a “forward approach”
(Valencia et al., 2013) and the “inverse approach” to determine the stresses on the wall (Ma et al., 2007; Lu et al., 2013).
When modeling the aneurysm wall, a further difficulty is the lack of patient-specific data on the wall morphology, such
as its thickness, and mechanical properties, such as the tissue’s constitutive modeling and its material properties. This is
particularly important due to the large variability of the disease.

It is well known that the IAs and their surrounding arteries have different and heterogeneous thicknesses. An earlier
study measured the thicknesses of ruptured human [As and found an average value of 0.51 mm (Abruzzo et al., 1998), and
more recent studies have found similar values. Studies performed by Costalat ez al. (2011) and Robertson et al. (2015), for
example, found the aneurysm averaged thickness to be around 0.2 to 0.3 mm, and ranging from 0.1 to 0.6 mm. In a similar
study, Cebral et al. (2015) found an average aneurysm sample thickness of 0.247 mm. On the other hand, according to
Robertson et al. (2015), intracranial arteries have a larger mean thickness with 0.60 £ 0.12 mm and 0.51 £ 0.08 mm in
the basilar and middle cerebral arteries, respectively.

Despite these observations, numerical studies with IA geometries have mostly used uniform wall thicknesses for
both arteries and aneurysms (Lee et al., 2013a) and very few directly investigated the influence of a heterogeneous wall
thicknesses in different variables. Torii et al. (2010), which focused on the hemodynamics, modeled the arteries with an
uniform thickness (0.3 mm) and the aneurysm wall with a smaller but also uniform thickness (0.05 mm) — the authors
name it a “pathological” wall thickness. They performed FSI simulations and compared the resulting hemodynamics
with similar simulations but using a uniform thickness throughout the wall domain (0.3 mm). According to their results,
low wall shear stress (WSS) regions appeared to be more pronounced for the pathological wall thickness. However, in
their study as well as in others studies, they did not perform any comparison regarding the wall stresses, which would be
important because the final rupture of an IA is a wall-exclusive event, whic ultimately occurs when the stress on the wall
exceeds the strength of the tissue. Nevertheless, probably because of the focus on the hemodynamics, which is indeed of
foremost importance, there is scarce data on the influence of the wall morphology on the tissue stresses. In this context,
the aim of this work is to investigate this relation by simulating the motion of IAs walls with heterogeneous thickness
under different constitutive models by using pressure-inflation modeling through CSD simulations.

2. NUMERICAL METHODOLOGY
2.1 Mechanical Modeling and Boundary Conditions

Figure 1a shows a schematic two-dimensional drawing of a vascular wall with an IA, the domain 2°. The tissue ma-
terial is considered to be materially homogeneous and characterized by its density p°, Young’s modulus £, and Poisson’s
ratio v° — the “s” indicates a “solid” material property. The figure also shows the boundary conditions (BCs). We used
two approaches to compute the wall thickness, described in Section 2.2

We modeled the motion of the vasculature wall under conditions similar to inflation experiments where the vessel in
subjected to uniform outer and inner pressures — which were already used to study the mechanical properties of IAs
(Scott et al., 1972) and also as a modeling approach in numerical simulations (Valencia et al., 2013). The inner surface,
which coincides with the vascular lumen, was subjected to a time-varying pressure corresponding to the physiologically
normal cardiac cycle, i.e. from 80 to 120 mmHg (approximately 10 to 16 kPa), shown in Fig. 1b. The pressure waveform
was derived from a flow profile measured at the internal carotid artery (ICA) of older adults by Hoi ez al. (2010). Although
a full FSI modeling would be more suitable for real [As geometries, thus taking into account all flow forces on the lumen,
this pressure-inflation modeling suffices for the comparative study of different wall mechanics. On the outer (or abluminal)
surface, a pressure of p, = 5 mmHg, corresponding to the intracranial pressure, was imposed. Although the intracranial
pressure seems to vary among patients, we have found similar values in related studies (Valencia et al., 2013; Sanchez
etal., 2014).

Regarding the selection of the BC on the branches “sections” (indicated in Fig. 1a), we imposed a fixed zero displace-
ment, which is mathematically written as:

u=0. 6]

There is some controversy on the use of this BC since it is difficult to predict which numerical BC can be realisti-
cally applied in these arteries sections. The studies that have simulated CSD or FSI in vascular geometries commonly
imposed Eq. (1) too (Lee et al., 2013b; Valencia et al., 2013). However, few works (Bazilevs et al., 2010a) applied a BC
that allows the arterial branch to slide along the section’s tangential direction, but constrains the displacement along its
normal — hence a “zero-shear traction” BC. We performed a numerical study comparing both, and found that, although
the displacement field is affected by the different BCs, the stresses remain almost unaltered — mean Von Mises stress
difference between each BC less than 2 % —, although the computational performance of the fixed displacement is much
better than the zero shear BC, hence we used the former for all simulations.

To solve for the solid displacement, u, a finite-strain modeling was assumed, and we used the total Lagrangian (TL)
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Figure 1. (a) Schematic 2D drawing of the vascular wall domain, {2°, and the BCs applied; (b) the pressure waveform
used, which was computed to be between the normal pressure range 80 to 120 mmHg and its waveform proportional to
the blood flow rate profile measured at the ICA of older adults by Hoi et al. (2010).

formulation of the momentum equation:

0%u 1
poﬁzvo-(JF <o) + pob, )
where F is the deformation gradient and J = det(F'), o is the Cauchy stress tensor, and b represent any body force per
unit mass, which were neglected. The subscript “0” indicates any property or derivative taken with respect to the reference
configuration, which was considered to be the domain configuration at the time zero and stress-free.

The Cauchy stress tensor in Eq. (2) was assumed to be given by two constitutive models suitable for finite strain — both
have been used before to solve for the motion of [As geometries (Torii et al., 2008; Bazilevs et al., 2010b,a) — to assess
whether our results for different thickness were consistent between different material laws. The St. Venant-Kirchhoff
(SVK) model, with constitutive equation given by:

S =2°E + Ntr(E)I, 3)

where S is the second Piola-Kirchhoff stress tensor — related to the Cauchy stress tensor by o = J ' F+ S+« FT — and
E is the Green-Lagrange strain; x° and \° are the Lamé’s material constants given by:

s FE
W= Sy @

s Vi E
A= (14 v)(1 —2v5)’ ®)

for a triaxial stress state. The other model was the compressible neo-Hookean (CNH) model with the following constitu-
tive equation:

Jo =~ (J?—1)I+ p*devB*, (6)

K:S
2
where B™ is the isochoric part of the left Cauchy-Green deformation tensor, B* = .J —*/* B. The material bulk modulus,

k° was calculated by using its linear definition:

S — E . (N
3(1 —2v9)

Both constitutive models are based on the same set of mechanical constants: the density p° = 1200 kg/m3, Young’s
modulus £ = 1 MPa, and v* = 0.45, typical material constants characteristic of rubbery materials and that already have
been used to model arteries and TAs tissue (Bazilevs et al., 2010a).
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2.2 Geometries and Computation of the Wall Thickness

We selected two vascular geometries (one of them with only one aneurysm and the other with two aneurysms) obtained
from digital subtraction angiography (DSA) examinations collected retrospectively. The DSA images were segmented us-
ing the Vascular Modeling Toolkit (VMTK)® library (VMTK, 2017) with the level-sets segmentation approach (Piccinelli
et al., 2009). Figure 2 shows the surfaces of each case, labeled as follows: case A, a patient-specific unruptured aneurysm
in the ICA bifurcation with a very regular surface, without lobular regions and/or blebs; and case B, a vasculature with
a ruptured aneurysm located in the ICA bifurcation and an unruptured one located in the middle cerebral artery (MCA)
bifurcation.

We used two different approaches to select the thickness of the selected vascular walls. A uniform thickness throughout
the vascular geometry, e,.,, chosen to be a value close to the average IAs thickness depending on the parent artery for
each case, i.e. ~ 0.1 to 0.2 mm, as reported by works that experimentally measured the thickness of aneurysm sample
strips (Costalat et al., 2011; Robertson et al., 2015).

The other approach was to build a heterogeneous thickness field over the vasculature, S,, — the surface without the
aneurysm sac —, based on the so-called wall-to-lumen ratio (WLR), and a uniform thickness, e,, on the aneurysm sac
surface only, S,. We describe the procedure used to compute this heterogeneous thickness field below and the resulting
fields for the two geometries used in this work can also be seen in Fig. 2. The images clearly show that e, is an intermediate
value of the immediate surrounding vasculature’s thickness. However, note that they do not coincide with the uniform
thickness considered for the whole geometry, e, since the latter was inferred from measurements.

Case B
(ICA and MCA bifurcations)
Case A €y = 0.18mm Unruptured
(ICA bifurcation) e, = 0.17mm
euw = 0.15mm

-

Ruptured 0.3

=]
[N}
€y (mm)

0.1

Figure 2. TAs geometries selected with the thickness distribution field of each case and an indication of the whole
vasculature thickness distribution, e,,, computed using Eq. (9), and the aneurysm thickness, e,, computed with Eq. (10).
The labels also show the uniform wall thickness, e, used for each geometry.

The WLR is defined as:

WLE = artery wall thi.ckness _ tw 7 ®)
artery lumen diameter  d;

where d; is the artery lumen diameter at a specified position along the vasculature. Nakagawa et al. (2016) reported
empirical values of the WLR for the cerebral arteries by measuring it in patients being operated. Their results show
that the mean WLR for different medium-sized intracranial arteries (d; between 2 to 3 mm) is 0.070 £ 0.010 and for
large-sized ones (d; > 3 mm) is 0.088 + 0.012.

By using Eq. (8), the thickness of the vasculature can be computed as a function of the WLR and the local artery
lumen diameter, d;(x):

ew (®) =WLRd; (x) . ©))

where d; was calculated using the script vmtkdistancetocenterlines of the VMTK® library, which computes the
distance between the vasculature centerlines and its surface, as defined by (Piccinelli ez al., 2009). This procedure provides
a measure of the vasculature’s local radius and, consequently, its local diameter. We used WLR = 0.07 to keep the
consistency among all cases.

This procedure fails to provide the aneurysm thickness because there is no meaningful definition of an “aneurysm’s
centerline”, in this context, or of the aneurysm WLR. In this work, we assumed that the aneurysm thickness is uniform,
€q, and given by an average of the surrounding vasculature thickness field. Thus, based on e,, computed using Eq. (9),
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initially ignoring the aneurysm, e, is calculated by:

/ In () ey (2)dS,
Cq = fo222 : (10)

/Sv I, (2)dS,

where f, is a factor between 0 and 1 to control how thinner the aneurysm wall is compared to the vasculature — this
allowed us to control whether the resulting aneurysm thickness lied between the range of measured IA’s thicknesses
mentioned in Section 1. A value of 0.75 was used for the geometries chosen for this study. The quantity [,,, serving
as a weight function, is the minimum Euclidean distance between each point of the surrounding vasculature’s surface,
Sy, and the line that separates the aneurysm from the vasculature. Note that this line may not be coincident with the
aneurysm neck line, because, depending on its morphology and location, there might exist regions that are not originally
from the vasculature but, also, are not normally characterized as a portion of the aneurysm sac. Therefore, this line may
be imagined as a separation between the hypothetical healthy vasculature and the aneurysm influence region. We selected
this line manually on the vascular geometry. Finally, the separation between the vasculature’s thickness field and the
aneurysm region was smoothed to avoid discontinuities, which are not biologically realistic.

2.3 Computational Meshes and Numerical Strategies

The triangulated surfaces extracted with VMTK® were re-meshed by using the utility cartesianMesh provided by
foam-extend as part of the cfMesh library. This yields a surface mesh with polygonal faces, in general, but dominated
by quadrilateral faces. Then, the computational meshes, both with uniform and heterogeneous thickness, were created
by extruding the polygonal surfaces in the outward direction with the thicknesses defined in Section 2.2, e,,, using the
VMTK® script vmtkboundarylayer, which has support for a spatially-varying thickness field.

The governing equation, Eq. (2), was solved by using a segregated algorithm implemented in solids4foam (Cardiff
et al., 2018), an extension of the foam-extend library (foam-extend Project, 2017; Weller et al., 1998), version 4.0, which
uses the second-order accurate Finite Volume Method (FVM) as discretization method. To assure this accuracy level of
the spatial discretization, only second-order interpolation profiles were selected: the central differences for the Laplacian
terms with non-orthogonal and skewness corrections and the least-squares method for the gradient’s discretization (Jasak,
1996). The temporal term was discretized by using the implicit Euler approach.

A mesh-independence study was carried out and yielded a mesh with cells density of approximately 90 cells/mm?
with 3 cells along the thickness — changes of less the 3 % were found with subsequent refinement. We also performed
time-step and residuals tolerance independence tests yielding a time-step of 1 x 10™* s and a normalized residual tolerance
for the momentum equation of 1 x 1077, Three cardiac pressure cycles of were simulated, but we only analyzed the third
cycle to avoid numerical errors associated with the initial transients.

2.4 Data Analysis

We looked at the Von Mises or equivalent stress, defined as:

op = \/2 dev (o) ¢ dev (o), (11D

where dev(o) is the deviatoric component of the Cauchy stress tensor, devo = o — % tr (o)1, with I is the second-order
identity tensor. All the results were taken from the inner surface of the wall geometries, or lumen of the vasculature,
taken at the peak systole instant, ¢,,; (indicated in Fig. 1b), and the results shown in the reference configuration due to the
solution of the TL formulation.

We also computed the time-averaged o on the vascular surface, defined by:

1 /T
o0 (z) = f/ oo (,t)dt (12)
T Jo
where T’ is the period of the cardiac cycle. We then evaluated the descriptive statistics of o distribution over the aneurysm
sac surface, S,, which was delineated manually, and also on the parent artery of each aneurysm, S, (the parent artery is
the artery that “feeds” the aneurysm), — shown in blue and red, respectively, in Fig. 3.
We also analyzed the aneurysm pulsatility, d.,, defined as:

Vps - Vvld

51} = )
Via

(13)

where V), and V4 are the aneurysm sac volume at the peak systole and low diastole, respectively.
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Figure 3. Aneurysm sac surfaces, .S,, marked in blue, and the parent artery surface of each aneurysm, S,,, and to which
artery branch it belongs.

3. RESULTS AND DISCUSSIONS

The different wall thickness approaches reveal changes in the stresses on both branches and aneurysms, as can be seen
in Fig. 4, which shows the results for the SVK model and also the maximum value of the Von Mises stress, (00 )maqz ON
the aneurysm sac surface annotated next to the aneurysm. This figure suggests a complex relationship between stress and
wall thickness. Globally on each geometry and after comparison with Fig. 2, we note that the Von Mises stress seems
to increases as the thickness decreases. For example, on the regions where the non-uniform thickness is smaller than the
assumed uniform thickness, i.e. €,, < €44, the stress is higher. This occurs in both ruptured and unruptured aneurysms in
case B and the opposite in the aneurysm of case A. The same can be found by inspecting the stress on the artery branches.
This suggests a similar relationship between stress and thickness that is found for membranes given by the law of Laplace,
for example, supported by some studies that mechanically simulated only the aneurysm sac mechanics (Ma et al., 2007;
Ramachandran et al., 2012). Finally, we found a similar behavior for the CNH model.

To further investigate this relationship, we looked on the o distribution in the aneurysms and their parent artery. As
can be seen in Fig. 2, although the non-uniform wall thickness applies to the whole vasculature geometry, we assumed a
uniform thickness throughout the aneurysm sac. The statistics of o over .S, give a rough indication of the overall level
of stress on the aneurysm, allowing a per-aneurysm comparison and, consequently, a per-thickness comparison, as shown
in the box plot of Fig. 5, which shows the statistics of the distribution of 7 in each aneurysm and also the aneurysm
thickness, e, along the abscissas axis. It is clear that the 7 decreases as e, increases, although the difference is small
and is even less visually perceptible between the ruptured and unruptured aneurysms of case B. However, it is important
to note that the ruptured aneurysm of case B have a large lobular region, probably associated with the rupture point of
this aneurysm, which distorts the Von Mises stress field distribution due to its curvature, compared to the more regular
distribution on the unruptured aneurysms. Thus, it is fairer to compare only the unruptured aneurysm of geometry B with
the aneurysm of geometry A.

Uniform Thickness Non-uniform Thickness
(UO ) max (0'['1 ) max

0.947 MPa ' 0.642 MPa

<k

(O—U ) max

=
. 1.005 MPa
(00)maa Q (00)mas
f

0.769 MPa 0.981 MPa

4 i

Figure 4. Von Mises stress fields for the IAs geometries of cases B and A for both thickness approaches taken at peak
systole (data from the lumen surface and considering the SVK model).
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Figure 5. Statistics of the time-averaged Von Mises stress over the aneurysm sac surface, S,, with an indication of the
aneurysm thickness for the different material laws used. Each box marks the interquartile range with the middle line
indicating the median and the diamond shape indicates the mean of each distribution.

On the other hand, the branches of the vasculatures effectively have a heterogeneous thickness distribution. Thus, we
investigated the correlation between the thickness field, e,,, and &g on the parent artery surface, S, of each aneurysm
(Fig. 3), after looking at each cell on the surface mesh as a sample datum. We used the Spearman’s correlation coefficient,
ps, to assess the correlation after verifying that the datasets are not normally distributed. The correlation coefficients are
shown in Table 1 for each parent artery and for the two material laws. For each correlation, we did not test for significance
because the large number of cells on the sample could lead to unrealistically small p-values.

The coefficient pg varies between —1 and 1 and values closer to one indicate a strong correlation between the variables.
Although the absolute values in Table 1 are smaller than 1, the negative sign indicates that thickness and & are indeed
negatively correlated even for these thick-wall geometries. The strength of the correlation may be small because the
relation between the two datasets cannot be fit to a monotonic model.

Table 1. Spearman’s correlation coefficient, pg, between peak-systole Von Mises stress on the parent artery of each
aneurysm, Sy, and the thickness distribution there for the non-uniform wall thickness geometries.

pPs
Model SVK CNH
Case A ICA -0.14 -0.22
Case B MCA -0.04 -0.13
Case B ICA 0.01 -0.16

The thickness heterogeneity and its influence on the wall stresses was studied by Vo8 et al. (2016) where the authors
measured the complete wall thickness distribution by ;C'T" (micro-computed tomography) exams after aneurysm removal
of a human cadaver — the patient died of subarachnoid hemorrhage (SAH) caused by an anterior communicating artery
(ACo0A) aneurysm rupture. Furthermore, after dissection, the rupture point was visible in the aneurysm surface. There-
fore, their study focused primarily in the comparison of the structural variables at the rupture point and on the complete
aneurysm surface for patient-specific and uniform wall thickness. They found that, for this case specifically, the averaged
wall stress on the complete aneurysm surface does not show too much difference although its distribution in significantly
changed between the uniform and patient-specific wall thickness. Moreover, in the rupture site specifically, the wall stress
difference reaches up to 55.2 %, with the wall stress being much higher at the rupture for the patient-specific thickness.
Although we did not investigated the rupture point of the aneurysm of case B, we can see in Fig. 4 that the stresses with the
heterogeneous wall thickness is also higher. However, this comparison must be made with caution because we considered
the aneurysm wall to be uniform.

Turning our attention to the effect of different material laws used, Fig. 5 already suggests that the CNH seems to
overestimate the averaged stresses on the aneurysm sac compared to the SVK model. A qualitative comparison for the
whole vascular geometry is shown in Fig. 6 for the non-uniform wall thickness. The figure shows that the CNH model
overestimates the Von Mises stress throughout the vasculature and not only on the aneurysm surface, where the percentual
difference for (0¢)maz is at least 14.4 % among the three aneurysms.

Table 2, which shows the aneurysm pulsatility for the different modeling alternatives, shows that the impact of the
change in material law can be as high as 3 times between the SVK and CNH models and the same for different thickness
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Figure 6. Von Mises stress fields for the IAs geometries of cases A and B for the SVK and the CNH models taken at peak
systole (data from the lumen surface and considering the non-uniform wall thickness distribution).

approaches, with the CNH model consistently yielding a larger §,,, although we cannot infer from the data on the table any
consistent changes between different thickness approach. This suggests that the choice of material model and thickness
for the aneurysm and artery wall is a very sensible one and cannot be undermined, specially when predicting parameters
that may have a clinical relevance, such as §,.

Table 2. IA pulsatility, d,,, for each geometry and for different material law and thickness approach used (values given in

percent).
Modeling Non-uniform Uniform
SVK CNH SVK CNH
Case A 9.8 222 11.3 42.4
Case B Ruptured 12.2 449 11.0 32.1
Unruptured 11.2 30.5 9.2 19.1

We found few studies that directly assessed the influence of material law modeling choices on the mechanics of
patient-specific IAs. Torii et al. (2008), for example, ran FSI simulations with the rigid wall assumption, the Hookean
solid, the SVK solid, and an exponential hyperelastic model proposed by Demiray (1972) — they used a uniform wall
thickness for the whole geometry of 0.3 mm. Their findings show that the displacement profiles were qualitatively similar
for all models, although the maximum displacement for the hyperelastic model is 36 % smaller than that for the SVK,
against our results that indicates much larger displacements yielded by the CNH, which is also a hyperelastic model, but
different from the one they used. Nevertheless, it is also reasonable to speculate that the pressure-inflation modeling may
overestimate both displacements and stresses compared to an FSI simulation due to the smaller pressures that may occur
in the flow that are used to simulate the solid wall. Additionally, the authors did not present any data on the wall stresses,
hence not allowing us to draw any further comparison with our data.

On the other hand, Ramachandran et al. (2012) investigated the impact of different constitutive models on the wall
stresses and strains specifically by numerically simulating the aneurysm sac with an “inverse approach” strategy that
only accounts for the aneurysm wall and using a static pressure-inflation model, similar to the model used here. They
employed both anisotropic and isotropic versions of a Fung-like model, the Yeoh model with three parameters, the SVK,
and the Hookean models. Their results suggest that different modeling choices had little impact on wall tensions and that
Laplace’s law was the worst method to estimate the stress, suggesting a deviation from the membrane model. Furthermore,
the authors highlight that these conclusions may not withstand when the full vasculature is simulated with dynamical BCs
that realistically reflect the cardiac cycle forces. This is inline with our current study, since we verified substantial changes
according to the material law used, not only on stresses but also on the pulsatility index, independently of the thickness
approach used, even though we have used a simplified pressure-inflation model.
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4. CONCLUSIONS

In recent years, an increasingly amount of studies have simulated the wall mechanics of IAs through the use of FSI and
CSD. However, the lack of patient-specific data on the wall morphology and tissue properties renders a precise modeling
very challenging. In this context, our study helps to understand the influence of simplifying assumptions on the results of
numerical simulations, particularly on the stress in the aneurysm wall, which is relevant to better judge the results of FSI
simulations, for example.

We found that the stresses are influenced by the heterogeneous thickness distribution of the aneurysm and its surround-
ing branches, hence it is better to avoid the use of uniform thickness when simulating IA wall motion. It seems that the
stresses, in this case represented by the equivalent or Von Mises stress, decreases as the thickness increases, and this result
was enforced by an analysis on both the aneurysm sac and on the branches of the vasculatures used. Furthermore, this
behavior was consistent between two different constitutive models, the SVK and the CNH models, with the CNH model
overestimating the stresses in the overall vascular wall.

A next step in this research is to incorporate the aneurysm thickness heterogeneity, which was already obtained in
experimental studies using 7T Magnetic Resonance Imaging (MRI) (Kleinloog et al., 2014). However, the technique is
not already common and have not been validated in clinical practice, hence it is still a challenge to obtain the thickness
of a patient-specific vasculature. The aneurysm thickness distribution may be fairly complex and not necessarily close to
the surrounding vasculature thickness, on the contrary, there may be cases where the aneurysm is thicker than its parent
vasculature, for example, when it presents atherosclerotic regions (Meng et al., 2014; VoB et al., 2016). Incorporating
this heterogeneity would be essential for better modeling of the aneurysm wall motion and are already under study by our
group, which could further enhance the understanding of this dangerous disease.
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