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Abstract. Intracranial aneurysms (IAs), a dangerous disease with up to 50 % mortality rate in case of rupture, is charac-
terized as a dilatation of the cerebral arteries, most commonly occurring in the form of a sac. Biologically, their walls fit
within the class of soft tissues. Numerical studies using patient-specific IA geometries have become increasingly popular
as a tool to better understand the mechanics of the disease and, most pressing, to potentially help predict a rupture event.
To that end, the mechanical properties of the tissue have to be known. Although these data are relatively scarce, recent
experimental studies suggest that the mechanical properties of ruptured and unruptured aneurysms differ significantly.
Consequently, it indicates that their mechanical behavior might be different. In this context, we compared the mechani-
cal response, computed numerically, between ruptured and unruptured cases of patient-specific I1As. Pulsatile numerical
simulations were carried out in twelve patient-specific IAs geometries using the one-way fluid-solid interaction solution
strategy implemented in solids4foam, in which the blood flow is solved and its traction field is applied as the driving
force of the wall motion. The IA and artery walls were assumed isotropic and their thickness and material properties
were computationally created with a modeling in which these properties were assumed uniform over the aneurysm sac.
Additionally, we used experimental data of ruptured and unruptured IA samples to obtain the mechanical constants for
the Mooney-Rivlin law that was used to model the tissue constitutively. We found that the stress levels in the IAs sacs were
not significantly different between the ruptured and unruptured groups. Actually, the stress levels were slightly higher
on unruptured aneurysms. On the other hand, the ruptured IAs had a significantly higher maximum stretch compared to
unruptured ones. This indicates that deformation-related properties of the wall may indicate rupture and, thus, may serve
as a proxy parameter to indicate a possible rupture event.
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1. INTRODUCTION

Intracranial aneurysms (IAs) are pathological dilatations in the vascular system occurring in the arteries that reach the
brain, more commonly found in the bifurcations of that vascular tree, but also laterally to those arteries. It is a dangerous
disease with up to 50 % mortality rate in case of rupture (Vlak et al., 2013; Saqr et al., 2019). The rupture event is hard to
predict and currently available treatments also pose risk to patients, leaving physicians with a tough decision about whether
to treat or not a particular patient. Hence, more reliable metrics to predict the rupture event have occupied researchers for
the past two decades and a possible path to find those metrics is to understand the progression of the disease leading to
the rupture. Part of that research on the subject employed numerical tools, such as Computational Fluid Dynamics (CFD)
(Liang et al., 2019), because it is widely accepted today that IAs are acquired lesions related to the interaction between
the hemodynamic environment in the aneurysm lumen and its wall. Currently, the practical use of numerical techniques
to assess the likelihood of TA rupture is a debated topic in the literature (Kallmes, 2012; Cebral and Meng, 2012).

Although the majority of the works involving CFD simulations in aneurysms geometries focused solely on the hemo-
dynamics, a growing number of works is interested on the Fluid-Solid Interaction (FSI) between the blood flow and the
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wall motion, which allows to predict the stresses and strain in the wall of a patient-specific IAs. This approach can provide
valuable information to add in the decision process of neurosurgeons, such as the stresses in the wall, because, ultimately,
the rupture occurs in the wall, and hence, from a material perspective, it may occurs when the stresses in the wall exceeds
the strength of the tissue. However, when modeling an IA wall tissue, a difficulty is the lack of patient-specific data of the
wall morphology, such as its thickness, and mechanical properties.

Recent studies have provided population-averaged data on the mechanical properties of intracranial aneurysm tissue.
Robertson ef al. (2015), for example, compared the mechanical response of cerebral arteries and IAs tissue samples
by performing uniaxial traction tests with 15 rectangular strips from the meridional section of unruptured IAs and 12
circumferential samples of arteries of the circle of Willis extracted from human cadavers. The authors found that the tissue
of intracranial arteries is typically stiffer than IAs tissue. In another study, Costalat et al. (2011), using uniaxial stress
tests, found that unruptured IA tissue is stiffer than ruptured tissue. Moreover, their results suggest that the tissue becomes
increasingly soft as the aneurysm progresses towards rupture. Additional studies further support the aforementioned
findings (Brunel et al., 2018).

This variability in the mechanical properties of IAs, compared with intracranial arterial tissue, or among aneurysms
with different rupture status may impact the values of stresses and stretches in their wall. Particularly, it remains broadly
unknown what is the effect of using different material properties on the mechanical response of IAs, especially due to
their complex three-dimensional geometry. Therefore, the aim of this work is to assess the impact of different mechanical
properties of ruptured and unruptured IAs on their mechanical response by using numerical simulations of the fluid-solid
interaction between blood flow and the wall motion. To this end, we have employed recently acquired experimental data
on the mechanical properties of IA tissue (Costalat ez al., 2011; Brunel et al., 2018).

2. NUMERICAL METHODOLOGY
2.1 Sample Selection and Geometry Preparation

We selected twelve vascular geometries from digital subtraction angiography (DSA) examinations collected retrospec-
tively and harbouring thirteen bifurcation IAs, all of them originating from the internal carotid artery (ICA) and middle
cerebral artery (MCA). Nine cases were collected at the Albert Einstein Israelite Hospital, Sdo Paulo, Brazil. Their use
was approved by the Research Ethics Committees of the Albert Einstein Israelite Hospital, Sdo Paulo, Brazil, and of the
Sao Paulo State University (UNESP), Brazil, where the study was conducted. Furthermore, due to a lack of sufficient rup-
tured cases in the original dataset, three additional vascular geometries were obtained from the Aneurisk dataset repository
(Passerini, T. and Piccinelli, M. and Veneziani, A. and Antiga, L., 2021) (available under the “CC BY-NC 3.0” license).

The images were segmented using the Vascular Modeling Toolkit (VMTK)® library (VMTK, 2022) with the level-
sets method (Piccinelli ef al., 2009) by selecting a region of interest that encloses only an aneurysm and its surrounding
vessels. Then, a triangulated surface was generated with the Marching Cubes algorithm (Antiga et al., 2002, 2008), and
inlet and outlet profiles were opened on it to impose boundary conditions for the numerical simulations. Seven IAs were
unruptured, and six were ruptured. In this text, we label these images by appending their rupture status, prefix “r” for
ruptured and “ur” for unruptured, to their parent artery. For example, a ruptured case in the ICA bifurcation is labeled
“rICA”, followed by a natural number in case of repetition.

2.2 Physical and Mathematical Modeling

We employed the so-called “one-way fluid-solid interaction (1WFSI)” strategy to numerically solve for the interaction
between the blood flow and the solid wall motion (Hirschhorn et al., 2020). By using this technique, the pulsatile fluid
flow is solved by assuming a rigid FSI interface, i.e. with zero mass flux, zero pressure gradient, and the no-slip condition.
Then, at each instant in time along the cardiac cycle, the traction on this interface due to the blood flow is transferred to
the solid FSI interface counterpart and applied as a traction boundary condition. The resulting solid deformation is not
transferred back to the fluid domain.

Blood was assumed to be a weakly compressible Newtonian fluid flowing in an isothermal laminar regime, therefore
with governing equations given by the continuity equation:

;(/pfdv> Jr%pf'uf-nde =0, 1)
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where v! is the flow velocity, pf is the blood density, and nf is the outward normal vector to the control surface St of the
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control volume V¥; and the momentum equation:

i(/pfvfd‘/) j{pf'vaf ntdsS = ]{ .nfd )
vt

where o is the Cauchy stress tensor, given by:
2
ol = —p'T+p [va + (va)T] — §M (V . vf) I, 3)

with pf being the flow pressure and I the second-order identity tensor and blood dynamic viscosity assumed to be ;1 =
3.3 x 1073 Pas. The compressibility of blood was assumed to be governed by the barotropic equation of state (Kanyanta,
2009), by which the pressure and the fluid density are linearly related through the equation:

p—po+@(p - ph) )

where «! is the bulk modulus of blood, assumed to be 2.2 x 10° Pa (Kanyanta, 2009) — measured early by Sacks and
Tickner (1968), who found a similar value to the compressibility of water. The subscript “0” indicates a reference state of
the fluid, assumed to be blood at a cardiac-cycle average pressure, 100 mmHg, with pf, = 1000.0 kg/m?.

Regarding the IA and artery wall motion, assumed in the finite-deformation regime, the momentum equation was
solved in the total Lagrangian formulation that, in its integral form, is written as:

2 1L (gt gt
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where £ indicates the coordinates system of the reference configuration, w is the wall displacement, pj, is the tissue density
at the reference configuration, and F' = I + (VOU)T is the deformation gradient and JJ = det (F"). In the solid properties,
the subscript “0” indicates any property or derivative taken with respect to the reference conﬁguration assumed to be the
domain configuration at the start of the cardiac cycle and with prestress given by o = J~ 1F+ Sy F. The second Piola-
Kirchhoff prestress tensor, Sy, was computed prior to solving each FSI simulation using the same approach employed by
Bazilevs et al. (2010).

The wall tissue was assumed as isotropic and constitutively represented by the hyperelastic three-parameters Mooney-
Rivlin law (Mooney, 1940) by using the pseudoelastic modeling approach (Fung ez al., 1979). Hence, the Cauchy stress
of the wall tissue, 0%, was calculated based on its strain-energy function, ¥, as follows:

U(I,I2) =cio(l1 —3)+co1 la—3)+ci1 (l1 —3) (L2 —3), (6)

where I and I, are the first and second invariants of the right Cauchy-Green deformation tensor. The complete constitu-
tive law employed a volumetric-decomposition approach Holzapfel et al. (2000). In this framework, the volumetric part
of the tissue motion, dependent on the tissue compressibility, was ultimately measured by the Poisson’s ratio of the tissue,
v, through its bulk modulus, x°, as given by the linearized elastic theory:

. E
SETE R h M

where the linearized Young’s modulus for the Mooney-Rivlin law was calculated based on the uniaxial deformation (given
by E =6 ( o, + a T, )) (Holzapfel, 2000). We assumed a Poisson ratio of 0.48, which was defined after a parametric

study of its influence on the stress and stretch on an IA sac surface. Values of ° closer to the incompressibility limit of
v = 0.5, changed the averaged stretch and stress fields on the sac by less than 1 % with the Mooney-Rivlin law.

All the details regarding the boundary conditions used for the solid and flow governing equations can be found in
Oliveira et al. (2022). Briefly, at the inlet, the pressure gradient was set to zero and a time-varying populational-averaged
pulsatile velocity profile was imposed based on the normalized flow rate reported by Hoi et al. (2010) for older adults —
patient-specific blood flow rate waveforms at the ICA were not available. The velocity spatial profile was set according
to the fully-developed laminar flow in a pipe — we attached an artificial circular-section extension, with a length equal
to twice the diameter, to the artery inlet to impose this inlet flow condition. At the outlets, a flux-corrected velocity
and a resistance boundary condition for pressure were imposed. The resistance boundary condition is defined as being
proportional to the blood flow rate profile, but with levels ranging between the physiologically normal cardiac cycle
pressure levels, i.e. from 80 to 120 mmHg (approximately 10 to 16 kPa). This boundary condition was recommended
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by some reports showing that it is important to use it when the distances between the outlets and the aneurysm were not
sufficiently long (Chnafa et al., 2018) — we did not add cylindrical extensions at the outlets to avoid large computational
meshes.

On the solid domain boundaries, a pressure of p, = 5 mmHg, corresponding to the intracranial pressure, was imposed
on its outer surface (Valencia et al., 2013; Sanchez et al., 2014). On the branches “sections” that were artificially created
after the segmentation process, we imposed fixed zero displacements, or, mathematically, u = 0. This decision was based
on a comparison between the stress and displacement fields of three IA geometries computed with the zero-displacement
and a “zero-shear” condition (Bazilevs et al., 2010). The zero-displacement boundary condition did not influence the
stress and stretch distributions on the IA sac when the artificial sections were created at least two local-arterial diameters
from the aneurysm neck. This was assured for all geometries.

2.3 Wall Thickness and Material Constants Modeling

The detailed modeling of the wall thickness, e,,, and the material constants of the Mooney-Rivlin law of the vascular
walls was also presented in Oliveira et al. (2022) and, for reference, was labelled as the “uniform-wall model” in that
work due to its context. Nevertheless, they deserve further comments here. These properties were modelled with a
globally heterogeneous model over the whole vasculature by computing different thicknesses and material constants on the
branches and the aneurysm sac. This modelling was chosen to eliminate the local influence of the thickness and material
constant heterogeneity on the mechanical response of the aneurysm sac — it is known that IA walls are heterogenous
(Kadasi et al., 2013) — while using a sufficiently realistic model of the walls.

Briefly, first the thickness of the branches (symbolically represented as Sj) was computed based on established evi-
dence that the thickness of arteries is proportional to their lumen diameter (Fung, 1993). Then, based on the thickness
field of the surrounding branches, we estimated the patient-specific uniform thickness of the IA sac surface (5;,) as a
weighted average of it (see the left panel of Fig. 1). This thickness field was then used to create the solid wall meshes.

Thickness Field, e, Material Constant c1g

0.15 0.25 0.19 0.22
€qp (mm) c10 (MPa)

Figure 1. Example of the resulting thickness and material constant c; fields defined a priori for IA case rICA2.

We assumed the material constants of the Mooney-Rivlin law, c19, co1, and c11, as uniform in both the branches and
aneurysm sac but with different values according to rupture status, following experimental evidence that unruptured IA
tissue is stiffer than ruptured IA tissue (Costalat et al., 2011). Hence, the values for each constant (see Table 1) were based
on averages of experimental data, with ruptured and unruptured IAs, provided by Costalat et al. (2011). Regarding the
material constants on .S, we used the mean values of the entire samples measured by (Costalat et al., 2011). This approach
was preferred instead of using data from different studies and resulted in the material of the surrounding branches (i.e.
healthy arteries) being less stiff than unruptured IAs, as suggested by experimental investigations (Robertson et al., 2015).

Computationally, the heterogeneous fields of e,, and the three material constants were built with scripts in VMTK®
and an in-house code based on the Visualization Toolkit (VTK)® (Oliveira, 2022). Figure 1 (right panel) shows an example
of the resulting fields of wall thickness and the material constants c1g for case rICA2.

2.4 Computational Strategies

The numerical solution of Egs. (1), (2) and (5) were computed using solids4foam (Cardiff ef al., 2018), compiled with
the foam-extend library (foam-extend Project, 2017; Weller et al., 1998), version 4.0 and all the details about the discreti-
sation techniques that we employed can be found in Oliveira et al. (2022), including mesh and time-step independence
tests with the same geometries used here.



26" ABCM International Congress of Mechanical Engineering (COBEM 2021)
November 22-26, 2021, Florianépolis, SC, Brazil

Table 1. Material constants selected for arteries branches, Sy, and the IA sac, S;,, according to rupture status based on
the experimental work of Costalat ef al. (2011).

Constant Sh Sia

Ruptured  Unruptured
c10 (MPa) 0.1966 0.19 0.19
co1 (MPa) 0.0163 0.026 0.023
c11 (MPa) 7.837 1.377 11.780

2.5 Data Analysis

We analyzed the fields of the largest principal Cauchy stress, o1, and largest principal stretch, A;. All the results were
taken on the inner surface of the vasculature (the so-called lumen) and at the peak systole instant, ¢, and the results are
shown in the reference configuration. The analysis performed used the absolute maximum to quantify o and \; over the
wall sac surface, S;,, as given by:

(alhnam==;2%§01(w), (8
(Al)maz - grel%i)‘l(x) 3 (9)

because the largest stress and stretch potentially indicate the cases at the highest risk of rupture. We also analyzed the
aneurysmal pulsatility, labeled here as d,,, as defined by Sanchez et al. (2014) as:

Vps - Wd

51} - )
Via

(10)
where V), and V}4 are the luminal volume at the peak systole and low diastole, respectively.
3. RESULTS AND DISCUSSIONS

Figure 2 shows the distributions of (01 )maz and (A1)mas per rupture-status groups. We see an evident separation of
(A1) between the two groups, although the same did not occur for {¢1). The maximum o is not significantly different
between ruptured and unruptured groups (p = 0.42), although the contrary is true for the maximum \; (p = 0.037).
Furthermore, note that the unruptured group not only accounts with individual data points for which (o1 ).,q. are larger
than the ruptured group (indicated by the whiskers of the box-plots), but also both the distributions means and medians
are higher in the unruptured group. This is somewhat counter intuitive because higher stress have always been associated
with increased risk of tissue failure.

The results then suggest that \; is more likely to play a role as a rupture-indicator. This is not entirely surprising
because the less stiff properties assumed for the ruptured IAs would evidently cause larger deformations in this group
compared with the unruptured one. The biggest surprise is that the same behavior was not found with the stresses, i.e. o1
is less likely to act as a potential rupture-indicator or to indicate whether particular cases of IAs are imminently closer
to rupture. More importantly, the maximum stress was, on average, higher in unruptured IAs than ruptured ones. To the
authors’ knowledge, this has not been reported elsewhere in the literature in studies with a relatively large sample, only
scarce data with only few aneurysms such as the numerical results provided by Lee ef al. (2013). The authors conducted
an FSI numerical study and found one unruptured case that had higher effective stress — their IA sample was relatively
smaller, with two ruptured and three unruptured IAs. Finally, it is not prudent, though, to also conclude that stresses do
not cause the rupture. Comprehensively, stress has been classically targeted as the variable that also explains soft tissue
failure, thus possibly explaining the rupture of IAs, although it is known that the normal component of the stress is more
important in this respect (Humphrey and Canham, 2000), in contrast to classical metal theories where shearing-based
effective stresses, such as the von Mises stress, are used.

That the deformations are higher in ruptured aneurysms was also supported by simulations performed by Sanchez
et al. (2014), who reported that aneurysmal pulsatility (Eq. (10)) is a potential predictor of IA rupture. The pulsatility
calculated for the sample used in this work and its distribution are shown in Fig. 3. Clearly, §,, follows the same trend that
1. Moreover, the average pulsatility of ruptured cases was significantly higher than that of unruptured cases (p = 0.027).
Therefore, and in turn, the sample used in this work further support the results of Sanchez et al. (2014).

The aneurysmal pulsatility is a measure of the volumetric deformation of an IA sac, hence it depends on the deforma-
tion of the wall. The same is true of the largest principal stretch and other strain measures, rigorously, because they all
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Figure 2. Distributions of (a) (01 )maz and (b) (A1)mas segregated by rupture-status groups (using box-plots to show the
distributions: the box delimits the 25th and 75th percentiles, the middle bar indicates the distribution’s mean and the
diamond shape the median).
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Figure 3. Box-plot of the distributions of §,, for the IA sample segregated by rupture-status groups (using box-plots to
show the distributions: the box delimits the 25th and 75th percentiles, the middle bar indicates the distribution’s mean
and the diamond shape the median).

ultimately depend on the wall displacement, w. Therefore, the trends found for A; and ¢, are physically related. Still, d,,
is easier to calculate for a single aneurysm case, as Sanchez et al. (2014) promptly pointed out, than (A1) 4z, Or any other
metric of it, since the latter would depend on the whole )\; field.

An assessment of rupture likelihood based on the mechanical response computed for this work is not entirely complete
without considering the failure properties of [As tissue. Robertson et al. (2015) measured the ultimate Cauchy stress of IAs
samples and found a mean of 1.39 MPa. Thus, based on the plots of Fig. 2, the unruptured group contains cases that would
be effectively closer to rupture than the ruptured group. The large variability of the disease is what possibly explain, then,
this seemingly confounding role of the stress. Robertson et al. (2015) further divided their sample in “low strength” and
“high strength” aneurysms with a mean ultimate Cauchy stress of 0.68 £ 0.08 MPa and of 1.60 £+ 0.36 MPa, respectively.
High-strength tissue was more prevalent in their sample, hence the unruptured cases here could be all high-strength cases,
whereas the ruptured ones could be all low-strength cases.

Additionally, Robertson et al. (2015) also measured the ultimate stretch of their sample and found an average of 1.31.
Similarly, Brunel et al. (2018), who experimentally investigated the failure properties of IA tissue, reported an average
ultimate stretch of 1.190 +0.069 and 1.210 + 0.071 for ruptured and unruptured groups, respectively. By also considering
the variability of the disease, these values could roughly explain the ruptured cases in the sample used here (see Fig. 2b).
Interestingly, Brunel ef al. (2018) also found a more consistent ultimate strain limit, of about 20.0 £ 6.0 % of uniaxial
deformation, than an ultimate stress limit, of about 0.38 + 0.24 MPa of uniaxial engineering stress, for their sample. The
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authors concluded that a “notion of strain limit is more relevant than one of stress limit”. They highlight, though, that this
was true only for the strain, instead of stretch. In the triaxial case, principal stretch and principal strains are related through
a non-linear relationship given by E; = A\? — 1,4 = 1,2, 3 (where here the principal values of the Green-Lagrange strain
tensor, F;, were employed). Their values were also estimated for the sample used in this work and, regardless, the strain
measurements were still significantly higher for ruptured compared to unruptured aneurysms.

Ultimately, our results shed light on the relative complexity of an TA wall regarding its failure properties because,
not only the inter-aneurysm variability is important, but it is most likely that the failure limits also vary spatially on an
aneurysm sac. Therefore, more detailed data of the failure properties of IAs tissue is necessary for further assessment
of the likelihood of rupture based on the mechanical response of a patient-specific IA. But determining both ultimate
stress and ultimate stretch of a patient-specific aneurysm is currently almost impossible without invasive techniques and,
probably, much more difficult than to obtain its thickness and material constants distributions over an aneurysm sac wall.
Nevertheless, the fact that the stretch plays a more prominent role as an indicator of the rupture of an IA may also indicate
that it could be an important physical variable related to the mechanisms behind the rupture event, i.e. it could point to
the regions of an IA wall that are in danger.

4. CONCLUSIONS

Ruptured TAs had a significantly higher maximum stretch compared to unruptured ones, whereas the stress levels
were not significantly different between the two groups — although, surprisingly, the stress levels were slightly higher on
unruptured aneurysms. This indicates that deformation-related properties of the wall may indicate rupture. This is directly
important to the medical practice and it suggests at looking on displacements, strains, and stretch patterns for qualitative
assessments of the likelihood of rupture. This may become possible with time-resolved three-dimensional (3D) imaging
techniques, such as four-dimensional (4D) computational tomography angiography (CTA), that were recently used to
measure the displacement and pulsatility of IAs walls in-vivo (Zhang et al., 2009; Ferrari et al., 2019). Therefore, this
could lead to assessing the likelihood of rupture from these examinations, as they become more common in the medical
practice.
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