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Abstract. Aneurysms are dilated and thin regions of arterial walls of the human vascular system. One of the most common
type of aneurysm occurs on brain arteries in the circle of Willis. Their cause have been investigated for a long time, and
researchers agree that hemodynamic effects play a key role in the initiation, growth, and 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 Computational Fluid Dynamics (CFD) to be used for the solution of the blood flow. Since
then, several researchers have been investigating the influence of biological and hemodynamic variables on aneurysms
rupture, considering arteries and aneurysms as rigid walls. However, fewer studies analyze the initiation and growth of
intracranial aneurysms and the importance of hemodynamics in this process, probably due to the lack of availability of
consecutive exams of a single aneurysm case. In this work, by using two available exams at different instants of time of a
single aneurysm case and also by virtually reconstructing the healthy vasculature, we used CFD results to assess whether
hemodynamic parameters can be correlated with aneurysm initiation and growth.
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1. INTRODUCTION

An intracranial aneurysm is a pathological dilatation in the vascular system occurring in the arteries that reach the
brain; they are normally found in bifurcations of the vessels tree (terminal aneurysms) or laterally to the arteries (sidewall
aneurysms, Fig. 1). They are normally asymptomatic and represent a high risk to the patient if they rupture: one of the
most dangerous and common outcomes is the subarachnoid hemorrhage (SAH), a devastating event that in 85 % of cases
is caused by aneurysm rupture (van Gijn et al., 2001) and can be fatal — Hop et al. (1997) show that this occurs in 32 % to
67 % of cases and about one-third of morbidity among the patients who survived. Interestingly, not every aneurysm do
rupture, in fact, most of them stabilize.

Although in very early studies aneurysms were thought to be possibly congenital (Stehbens, 1989), it is widely accepted
today that they are acquired lesions related to the interaction between the hemodynamic environment in the aneurysm
lumen and its wall, being the wall shear stress (WSS) one of the most important factors related to their progression
(Hashimoto et al., 2006; Tremmel et al., 2009; Fukazawa et al., 2015; Cebral et al., 2017). While aneurysm onset is
normally accepted to be related to high WSS levels, their growth and final rupture or stabilization is explained by two
pathways correlating hemodynamics and aneurysm progression. Meng et al. (2014), for example, go further and relate
these two pathways with different morphological features that may arise in the aneurysm wall.

In this context, CFD has been widely used to simulate the flow in virtual and patient-specific aneurysms geometries
and vessel networks. The simulations have been used to improve the understanding of the flow dynamics and to correlate
morphological and hemodynamic discriminants with aneurysm rupture (Ma et al., 2004; Dhar et al., 2008; Xiang et al.,
2011; Cebral et al., 2011b,a). While several CFD studies were performed on aneurysm geometries of a single instant in
time, few studies have considered the time evolution of intracranial aneurysms, but the ones that do only had available
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Figure 1. Typical lateral intracranial aneurysm occurring on the ICA, with indications of its main one-dimensional sizes:
aneurysm dome height, &4, and d,,, the neck diameter; the parent artery has diameter d,.

a single geometry of the aneurysm temporal evolution (Boussel e al., 2008; Sforza et al., 2011), possibly because most
available exams used are retrospective. Additionally, when physicians detect an aneurysm, they may of course decide
to treat the aneurysm. This study used the images of a growing sidewall intracranial aneurysm at two instants in time
and its parent vessel reconstructed geometry to analyze the hemodynamics of the aneurysm lumen and its wall, and
the peri-aneurysmal environment, looking for possible correlations between hemodynamics and aneurysm initiation and
growth. Therefore, we could study the hemodynamic conditions at initiation and during the growth period of three years.

2. METHODOLOGY
2.1 Images and geometry segmentation

The intracranial aneurysm geometry selected was chosen because of the availability of two successive geometries
corresponding to two digital subtraction angiography (DSA) exams collected retrospectively. It corresponds to a saccular
sidewall aneurysm born in the ophthalmic segment of the ICA siphon, a common location of this kind of aneurysm.

The geometries of the vessels network and the aneurysm were segmented using the Vascular Modeling Toolkit®
(VMTK®) library with the level-sets segmentation approach (Piccinelli et al., 2009). Figures 2b and 2c show the
aneurysm geometry on the ICA inner bend at two different stages, labeled T1 and T2, which were extracted from exams
taken with an interval of three years between each other — in 2015 and 2018, respectively. A large portion of the ICA
and the daughter arteries — the anterior cerebral artery (ACA) and the middle cerebral artery (MCA) — were included
to avoid the influence of the inlet and outlets positions on the intra-aneurysmal and peri-aneurysmal flow (Chnafa et al.,
2018). The hypothetical healthy artery was reconstructed by virtually removing the aneurysm at stage T1 by applying a
local Laplacian filter on the aneurysm portion, i.e. the aneurysm surface was consecutively smoothed until only the parent
artery remained; the final reconstructed healthy vasculature is shown in Fig. 2a. This technique was chosen to avoid the
influence of the smoothing in the surrounding vasculature. Table 1 provides the geometric parameters of the aneurysm at
each stage.

Aneurﬁysm Aneurysm Aneurysm
region virtually stage T1 stage T2
reconstructed
ICA

() (b) ()

Figure 2. Vessels network geometries used for the simulations: (a) vessels network virtually reconstructed labeled stage
TO; (b) vessels network and aneurysm geometry at the T1 stage, and (c) vessels network and aneurysm geometry at the
T2 stage.
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Table 1. Geometric parameters of the aneurysm studied here: neck diameter d,,, dome height h; and diameter dg, aspect
ratio A,, and aneurysm volume and surface area.

dp (mm)  hg (mm) dg (mm) A, (-) Vg (mm’) A, (mm?)

Stage T1 2.82 1.79 2.33 0.63 54 18.2
Stage T2 2.87 4.42 4.11 1.54 37.5 57.8

The computational meshes were created using the utility snappyHexMesh of the CFD package foam-extend-
4.0, which generates hexahedral-dominant meshes by snapping a block-structured mesh to the surface geometry and
automatically creating a refined prismatic boundary-layer adjacent to the vessels and aneurysm lumen surface. The
computational meshes had approximately 4 x 10° control volumes and the final chosen mesh for each case was the result
of a mesh-independence test.

2.2 Physical and Mathematical Model of the Blood Flow

We consider the blood as an incompressible fluid in an isothermal laminar flow regime. The equations governing its
motion are the continuity equation, written in the integral form for a control volume V, with surface S, as:

j{pv-ndSzO, (1)
s

where p = 1,056 kg/m? is the blood specific mass (Isaksen et al., 2008), n is the unit normal vector to S pointing outwards
and v is the flow velocity field; and the momentum equation, written in the integral conservative form as:

0
— pv (x,t)dV +7§ pvvendS = —-7{ pndS +7{ T+ndS, 2)
ot Jv) S(r) S(r) S(r)

where p is the pressure and 7 is the viscous part of the Cauchy stress tensor, which for a Newtonian fluid is given by:

T=p (Vv + VTv) , @)

where ,uf is the blood dynamic viscosity, which we considered to be 3.5 X 1073 Pas (Shibeshi and Collins, 2005; Isaksen
et al., 2008). Equation (3) can be directly substituted into Eq. (2) to yield the Navier-Stokes equations.

We used a trivial initial condition for the velocity and pressure fields. At the inlet, a specified time-varying blood flow
rate, corresponding to the flow pulse from the beginning of systole until the end of the diastole (Fig. 3) was imposed,
obtained by using the normalized waveform profile based on the temporal average blood flow rate measured in the internal
carotid by Ford et al. (2005), and the average blood flow rate, g, = 4.3 ml/s, in the ICA, measured by Zarrinkoob et al.
(2015). It is important to note that this profile does not correspond to the patient-specific blood flow rate waveform at the
ICA, which was not available. Furthermore, we used a parabolic velocity profile, perpendicular to the cross section (plane
xy), corresponding to a fully developed laminar flow in a pipe given by:

7 4

Ainlet

where Ajnrer is the cross sectional area of the inlet artery and d, is its diameter — we added a flow extension to the
artery inlet section to obtain a circular section to impose this inlet flow condition. Additionally, the pressure gradient
was set to zero at the inlet. At the outlet sections, to obtain the correct pressure in the results, we imposed a constant
pressure, corresponding to the averaged human body pressure level for a cardiac cycle, i.e. * 100 mmHg (13,333 Pa), and
a flux-corrected zero gradient velocity. The vessels walls were considered rigid, yielding a Dirichlet boundary condition
for the velocity field, associated with zero mass flux, zero pressure gradient, and the no-slip condition.

To solve Egs. (1) and (2) with the fluid model, Eq. (3), under the boundary conditions presented above, we chose the
Finite Volume Method (FVM) implemented in the open-source package foam-extend, version 4.0, which provides a
second-order accurate spatial and temporal discretizations of the governing equations and, to assure this accuracy level,
we also selected second-order interpolation profiles available in the library. The time-step used in the simulations was
1 x 10735, which was validated through a time-step independence test. We solved three cardiac cycles to avoid initial
transient errors, but only the third one was analyzed in the results. Finally, the pressure-velocity coupling algorithm used
was the Pressure Implicit with Splitting Operators (PISO) (Issa, 1986).
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Figure 3. Time-varying flow rate waveform in the internal carotid artery (prepared by the authors with data from Ford
et al. (2005) and Zarrinkoob et al. (2015).

2.3 Data Reduction

We analyzed the WSS field at the peak systole — indicated by a red circle in Fig. 3 — and its time-averaged metric
together with the oscillatory shear index (OSI) field, both defined, respectively, as:

_ 1 [T
tw (x) = ;/ £ (x,1)[l2dz )]
0
and
T
t, (x,1)dt
OSI(x):% 1- ”fo ” (6)

Ll
/0 £, (x,1)||2ds

where T is the cardiac cycle period. In the sequence, WSS and OSI metrics were calculated over the aneurysm surface:
the time and surface averaged WSS and OSI:

1 _
(tw)avg = A_'/S t (x)dSq, (7N

1
OSlypg = ™ /S OSI (x)dS,, (8)

and their maximum averaged values on the aneurysm surface:

(tw )max = g%x E (x) B (9)

OSIpax = max OSI (x) . (10)
x€eS,

Finally, the surface-averaged WSS on the aneurysm surface over time was also computed and analyzed for each case:

1
<’W>(’):A_u/3 THECS (10

which provides the total tangential viscous traction on aneurysm lumen surface. We compared the WSS values with the
reference WSS = 1.5 Pa because smaller values could damage the aneurysm wall tissue (Malek ez al., 1999; Shojima et al.,
2004).
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3. RESULTS

Figure 4 shows the WSS field at the peak systole of the cardiac cycle —¢ ~ 0.11 s — and the time-averaged WSS over one
cardiac cycle: fields over the complete surface and a detail showing the aneurysm region only are presented. We note that
the overall WSS is much higher than the reference value of 1.5 Pa, for both stages of the aneurysm evolution at the peak
systole instant. However, for stage T2, the regions with low levels of WSS are larger. By inspecting the region of the artery
where the aneurysm initiates (Figs. 4a and 4d), we note that the WSS levels are initially very high — higher than 20 Pa.
However, it can be seen that the time averaged WSS levels for stage T2 are much smaller — from 8 Pa to 12 Pa — compared
with stages TO and T1 — WSS levels above 20 Pa. The surface-averaged WSS also decreases over time (Fig. 5) evidencing
that the low WSS regions are larger on the aneurysm at later stages, therefore influencing the whole distribution.

The larger areas of low WSS are explained by the intra-aneurysmal flow type: as we can see in Fig. 6, at stage T1, due
to the aneurysm type, a recirculation zone begins to form inside the aneurysm sac. After the aneurysm evolution to stage
T2, the slow recirculating zone occupies the whole aneurysm sac with smaller velocity magnitudes. This is a typical flow
structure that occurs in this type of aneurysm and yields smaller velocity levels in the aneurysm lumen and, consequently,
decreasing the WSS levels on its inner surface.

The quantitative change of the WSS and OSI over time can be measured by using the metrics presented for both of
them in Section 2.3 Figure 7 shows the surface and time averaged values of WSS and OSI over the aneurysm surface for
each development stage — for TO, we used the artery portion where the aneurysm effectively developed for the calculations,
equivalent to its future ostium surface. It is evident that the overall WSS is decreasing on the aneurysm surface because
of the increase in the areas of low WSS, however its maximum value is growing over time; this is probably occurring
because the remaining patches with high WSS values are even higher then before due to the complex flow patterns inside
the aneurysm sac.

We also analyzed the OSI field over the aneurysm surface at the stages T1 and T2 showing that small patches of the
aneurysm surface are under the effect of higher OSI —i.e. values close to its maximum, 0.5 — in regions where the WSS

(a) (b) (©

(d) (e) ()

Figure 4. WSS field over the complete surface and detail of the aneurysm surface at peak systole for stages (a) TO, (b) T1,
and (c) T2; and time-averaged WSS field over the complete surface and detail of the aneurysm surface for stages (d) stage
TO, (e) stage T1, and (f) stage T2.
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Figure 5. Surface-averaged WSS over one cardiac cycle for each stage, evidencing the decrease in the WSS for the whole
cardiac cycle.
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Figure 6. Flow velocity vector field in (a) the aneurysm at stage T1 and (b) at stage T2.

vector changes its direction over time during a cardiac cycle, evidencing the disturbed flow adjacent to the aneurysm
lumen. As these areas are still very small, we do not show the fields here, however they contribute to the surface-averaged
OSI increase on the aneurysm surface, as can be seen in Fig. 7c.

Finally, to further explore a possible correlation between WSS and aneurysm growth, we computed the point-wise
distance between the aneurysm surfaces in stages T1 and T2 and compared it with the time-averaged WSS field. These
fields are shown in Fig. 8: the "growth distance" corresponds to the distance that the aneurysm has grown in the three years
between each exam. We note that the regions of maximum aneurysm growth, which in this case occurred at the aneurysm
dome, is dominated by lower WSS values — between 5 Pa and 11 Pa.

4. DISCUSSION

Despite a cause for intracranial aneurysm rupture is one of the most searched subjects in current related researches, their
initiation and growth have also been investigated in past years. Most studies agree that intracranial aneurysms inception
occurs due to high flow effects acting on the vessels surface together with positive WSS spatial gradients (Meng et al.,
2014). Meng et al. (2007), for example, observed destructive remodeling of dog artery walls that resembled aneurysm type
remodeling after a surgically created bifurcation in the dog’s arteries. While their study focused on bifurcation aneurysms,
it is also generally accepted that sidewall aneurysms initiates in regions of high WSS and positive WSS spatial gradient
(Geers et al., 2017). Lauric et al. (2014), for example, explored the influence of the ICA local curvature on the onset of
sidewall aneurysms (all their cases were of lateral aneurysms in the inner bend of the ICA), similar to the case studied here,
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Figure 7. WSS and OSI metrics over the aneurysm surface: (a) time and surface averaged WSS, (b) maximum
time-averaged WSS, and (c) surface-averaged OSI.

03 06 09 1.2 5
Growth distance (mm) WSS (Pa)

(a) (b)

Figure 8. Spatial correlation between growth distance and time-averaged WSS over the aneurysm at T1: (a) the growth
distance array measured between the aneurysm surfaces in stages T1 and T2 by surface registration and (b) time-averaged
WSS over the aneurysm at stage T1.

by virtually reconstructing the hypothetical healthy parent artery. Their conclusions suggests that peak local curvatures
correlate with regions of high WSS and flanked by high and positive WSS spatial gradient in the arteries that developed
an aneurysm — in contrast with control arteries, i.e. healthy arteries with similar morphological features. The results for
the case studied here agrees with their findings: very high WSS values — more than 20 Pa — were found in the aneurysmal
region at stage TO. Furthermore, we note from the time-averaged WSS on the ICA bend (Fig. 4d), that the region where the
aneurysm will form is predominantly marked with high WSS while the surrounding areas have large portions of smaller
WSS, meaning that throughout the cardiac cycle these regions are influenced by low WSS.

Regarding aneurysm growth, there is no consensus in the literature about a single mechanism responsible for it, on
the contrary, the literature suggests two pathways that drive aneurysms evolution: low-flow and high-flow effects (Meng
et al., 2014). In general, the former is accepted to be caused by lower WSS values with high OSI in the aneurysm surface
and the latter is caused by high WSS and high positive WSS spatial gradients. Of course, due to the complex flow that
may emerge inside an aneurysm lumen depending on its morphology, both effects can occur on an aneurysm surface. Our
results suggest that in this aneurysm evolution occurred mainly due to lower WSS values on the aneurysm surface because,
even if at the peak systole the values are very high at stage T1, the time-averaged WSS suggests that lower WSS affects the
aneurysm surface throughout the cardiac cycle (Fig. 8). Furthermore, it is also worth noting that this aneurysm evolved
in a spherical shape, which suggests that the growth was due to only a single effect, instead of different mechanisms that
would probably lead to blebs or lobular regions on its surface (Tateshima ez al., 2003). However, our results do not suggest
a significant influence of the OSI in the aneurysm growth since this variable shows only local peaks in small portions of
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the surface.

Although several studies suggest that aneurysm inception is caused by high flow effects, some studies propose new
hemodynamic parameters that indicate where an aneurysm will grow (Mantha et al., 2006; Shimogonya et al., 2009).
Mantha et al. (2006), for example, studied the initiation of three paraclinoid sidewall aneurysms by virtually reconstructing
the healthy artery, and proposed a new parameter to identify aneurysm inception: the (potential) aneurysm formation
indicator (AFI), which measures the degree of misalignment of the instantaneous WSS vector with its time-averaged
direction; they based this definition on the biological observation that healthy endothelial cells are oriented according to
the averaged WSS vector direction and, consequently, randomly oriented vectors during the cardiac cycle could "trigger
pathological changes in the endothelial cells, leading to aneurysm formation." Their results suggest that the aneurysm
formation occurs in regions of low AFI —i.e. AFI ~ —1.0.

We computed the AFI parameter for the vascular geometry used here; however, we did not find a correlation between
the regions of low AFI with the location of aneurysm initiation, as also found, for example, by Chen et al. (2013) and Geers
et al. (2017). Moreover, as shown by Geers et al. (2017), OSI and AFI fields are strongly correlated implying, hence, that
these variables capture the same flow features generated on the aneurysm surface. Thus, since OSI does not seem to play
arole in the aneurysm formation for the case studied here, it is understandable that the AFI yields a similar conclusion.

4.1 Limitations of this study

A very common limitation of several CFD studies in intracranial aneurysm flow are the boundary conditions. Since
a patient-specific cardiac profile was not available, we used a population-averaged inlet boundary condition, and some
studies suggest that it may be very important to consider the patient blood flow profile since it highly influences the WSS
magnitude distribution (Marzo et al., 2011). However, to diminish these effects, we remember that the chosen profile was
measured exactly in the ICA and we extracted a large portion of the parent artery to allow the flow development according
to the real structure of the patient’s vasculature and used a parabolic spatial velocity profile. We also used constant
pressure outlet boundary conditions, however, by further extending the outlets position downstream the vasculature from
the aneurysm location, we approximate an outflow resistance condition (Chnafa et al., 2018).

The healthy vasculature geometry was virtually reconstructed bu using a local smoothing technique which is performed
manually and thus it can be operator dependent. Unfortunately, an image with the healthy artery of this specific patient
was not available, and we chose this option to preserve the surrounding vasculature. However, we can expect that the
overall geometry would remain the same between stages TO and T1 because they are almost identical when we compare
the vascular geometry of stages T1 and T2 — except for possible differences arising from the segmentation process.

5. CONCLUSIONS

This study analyzed the flow dynamics in an intracranial aneurysm case, and investigated the influence of hemodynamic
parameters in the initiation and growth of the aneurysm by using two available DSA exams from a single patient at two
instants in time. It is worth to note that this kind of study seems to be a perfect example of how CFD can be a
complementary tool to clinically study aneurysms cases. With this kind of study, a complete description of the flow is
obtained and important variables such as WSS and OS], that are known to play crucial roles in this pathology, can be
computed. Of course, as suggested in literature discussions (Cebral and Meng, 2012), CFD should be included in the
medical practice with warnings of its limitations, simplifications and complexities.
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