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Abstract. Aneurysms are dilated regions in arteries walls. Intracranial aneurysms (IAs) are commonly found in a region
known as Circle of Willis. The prior risk related to the rupture of an IA is the subarachnoid hemorrhage, that leads to high
fatality and morbidity rate, reaching a rate of fatal cases around 50% of the cases. There are two main techniques for the
treatment of IAs: surgical intervention and endovascular treatment. Both are implemented to block the blood flow into the
aneurysm sac. Although the surgical intervention leads to longer postoperative disabilities and carries some risks related
to the craniotomy and the impossibility of clipping some aneurysm geometries, the endovascular treatment has a higher
rate of recanalization than the former method depending on the technique used according to the aneurysm location, size
and neck measurement. With the advancement of Computation Fluid Dynamics (CFD) methodologies accompanied by
the increasing imaging diagnostic techniques quality, a complete mapping of the geometry of a patient-specific cerebral
aneurysm is possible. In this context, the aim of this study is to identify the origin of high oscillatory shear index (OSI)
regions in the aneurysm surface to provide medical guidance to indicate the most appropriate treatment for a patient-
specific. In this way, a portion of the basilar artery that harbors an IA related to the left superior cerebellar artery (SCA)
was used as geometry in a CFD study to obtain the velocity, wall shear stress (WSS) and OSI fields, and correlate them to
explain the origin of high OSI regions on the aneurysm surface. The results point out that the high OSI values inside the
aneurysm sac are caused by the circulation of the flow induced by the shear layer instability at the aneurysm sac opening.

Keywords: intracranial aneurysms, wall shear stress, oscillatory shear index, Computational Fluid Dynamics, Finite
Volume Method

1. INTRODUCTION

Aneurysms are abnormally dilatations in arteries walls. They can occur in the walls of any artery of the human vascular
system, mostly found in the abdominal aorta and in arteries that reach the brain. Around 3% of the global population carry
a cerebral aneurysm (Vlak ef al., 2011). The risk related to the rupture of an intracranial aneurysm (IA) is the hemorrhage
to the subarachnoid region, which consists of a portion of the human brain located between the pia-mater and the arachnoid
layer of the tissues that cover the brain. The subarachnoid hemorrhage (SAH) is a type of stroke with a high fatality and
morbidity rate (Etminan et al., 2019), reaching a fatal cases rate of around 50% after hemorrhage occurrence (Van Gijn
et al., 2007). Although it may also be the result from a wide range of causes, SAH stems from the rupture of IAs in 85%
of cases (Van Gijn and Rinkel, 2001).

Commonly, cerebral aneurysms occur at the base of the brain in a region known as Circle of Willis (Appanaboyina
et al., 2009), that consists of an interconnected structure responsible for supplying blood flow between the anterior and
posterior brain arterial systems. Cerebral aneurysms require more attention in treatment and generally do not indicate
symptoms before the rupture. In turn, the aneurysm initiation, growth and rupture processes are unfortunately not totally
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understood. The mechanisms that cover the aneurysm development are intimately related to intracranial environment,
mechanobiology, wall biomechanics and hemodynamics (Sforza et al., 2009). In terms of hemodynamics, studies point
that some physical parameters of the flow contribute to the development of cerebral aneurysms, such as wall shear stress
(WSS) and oscillatory shear index (OSI). Both high and low values of these variables can indicate a process of growth
and rupture of an aneurysm (Meng et al., 2014).

Two main techniques are available for the treatment of this vascular disorder: surgical intervention and endovascular
treatment. The former is mainly associated with surgical clipping, which involves placing a metal clip at the neck of the
aneurysm to block blood flow into it. The latter is a less invasive technique involving the placement of platinum coils
within the dome of the aneurysm with the same objective as the former. Typically, stents — expandable metal meshes
— are implanted in the vessel to keep the coils inside the aneurysm dome (Appanaboyina et al., 2009) and improve its
occlusion with lower rates of recanalization in large neck aneurysms. Since postoperative disabilities are more frequent in
patients undergoing surgical interventions compared to those undergoing endovascular treatments, mainly in the posterior
circulation IAs, in which studies point out that there is a superiority of coiling over clipping in terms of permanent
neurologic deficit (Tsianaka et al., 2019), and due to the disadvantages associated with aneurysm clipping — such as the
high risks inherent to craniotomy and the impossibility of clipping certain aneurysms due to their location and shape —
in many cases it is necessary to assess the possibility of endovascular treatment. However, this technique also carries
its risks. There are cases of secondary aneurysm formation due to coil compaction (Appanaboyina et al., 2009) and the
development of adverse hemodynamic conditions due to stent placement (Kim et al., 2007) have been reported. Therefore,
it would be interesting to develop a non-invasive methodology to help predicting aneurysm rupture and to provide medical
guidance to indicate the most appropriate treatment for a specific patient.

In this regard, Computational Fluid Dynamics (CFD) methodologies have been employed over the past two decades
to study hemodynamics in cerebral aneurysms (Bazilevs et al., 2010). The application of this methodology is justified
due to the difficulty of obtaining in vivo measurements of physical flow parameters and the great advancement of imaging
diagnostic techniques, which ensure complete mapping of the geometry of a patient-specific cerebral aneurysm through
the advent of rotational angiography with three-dimensional reconstruction. Thus, it becomes possible to obtain velocity
and pressure fields through computational simulation of blood flow in the patient-specific aneurysm, in order to determine
the wall shear stress field and its temporal oscillations on the inner surfaces of arteries and aneurysms — these being the
most important parameters for aneurysm initiation, growth, and rupture (Shojima et al., 2004). In this context, the aim of
this work is to identify the mechanisms producing the high values of OSI in a patient-specific aneurysm by analyzing the
velocity field along the cardiac cycle.

2. METHODOLOGY
2.1 Geometry extraction

The aneurysm analyzed in this study consists of a rare type of posterior circulation IA located at the junction of the
basilar artery (BA) with the origin of the left superior cerebellar artery (SCA), as shown in Fig. 1. Geometry was obtained
from patient-specific results of an angiography examination. The simulation domain was then extracted using the open-
source software known as Vascular Modeling Toolkit (VMTK®) using the marching cubes algorithm. The surface model
corresponding to the arterial lumen was then smoothed and clipped to impose boundary conditions.

2.2 Physical modeling

The blood flow was modeled as isothermal and incompressible, and the vessel walls were assumed rigid. Due to the
pulsatile nature of cardiac cycle, the flow is unsteady. Moreover, a Newtonian model approximation can be assumed,
because the strain rate levels typically found in IAs are higher than 100 s~! (Valencia et al., 2005), which become the
non-linear effects of a non-Newtonian model negligible. Due to the small Reynolds numbers along the cardiac cycle, the
case can also be modeled as a laminar regime.

The governing equations of flow in integral form for a control volume of surface S and volume V are the continuity
and the momentum equation expressed by the Eq. (1) and (2), respectively.
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where v and p are the velocity and pressure fields, n is the unit normal vector pointing outward to the area .S, and p and p
are the blood density and dynamic viscosity, respectively, equal to 1000 kg/m? and 3.3 x 1073 Pa-s (Isaksen et al., 2008).
Regarding the boundary conditions, at the inlet a parabolic velocity profile for a fully-developed laminar flow in a
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Figure 1. Aneurysm geometry representation with the identification of the vessels (axes grid with units in mm)

pipe, applied along the inward normal vector, was used for the spatial velocity distribution:
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where ¢, (t) is the blood flow rate, A;y;c; is the cross-sectional area of the inlet artery, dy, is its diameter and r is the
radial coordinate of the circular inlet section.

To impose this inlet flow condition, an artificial circular section extension was added to the original inlet artery section
with length equals to twice the diameter d,,,. The flow rate g, (¢) of the blood pulsatile flow, corresponding to one cardiac
cycle, was obtained multiplying the normalized flow rate reported by Hoi et al. (2010), for older adults, by the mean flow
rate in the basilar artery reported by Zarrinkoob et al. (2015). The flow rate profile can be seen in Fig. 2a. Moreover, a
zero-gradient pressure condition was adopted in the artery inlet.

In the vessel walls, we adopted a zero-gradient pressure condition and no-slip condition for velocity. At the outlets was
imposed a flux corrected velocity with a resistance boundary condition for pressure. This resistance condition is defined
by the application of a pressure profile in the outlets proportional to the flow rate profile adopted at the inlet. As can be
seen in Fig. 2a, this pressure profile was adopted respecting the threshold values of pressure in a normal cardiac cycle,
corresponding to 80 mmHg to the diastole and 120 mmHg to the systole, approximately 11 to 16 kPa. A summary of the
boundary conditions applied to the case can be seen in Fig. 2b.

2.3 Numerical solution

Equations (1) to (3) were solved in the computational domain obtained from the geometry extracted from the angiogra-
phy examination of a patient-specific. The geometry was extracted by the software VMTK® and an OpenFOAM’s utility
named snappyHexMesh was used to obtain a hexahedral dominant mesh. Near to the vessel walls, the cells are general
polyhedral with a prismatic boundary layer refinement composed of five layers, as recommended by Oliveira (2022).

The continuity and momentum equations are solved in OpenFOAM by the Finite Volume Method (FVM), which is
used to discretize the equations and boundary conditions. In this way, the PISO algorithm (Issa, 1986) was used to solve
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Figure 2. (a) Flow rate profile used for the parabolic velocity profile in the artery inlet and pressure profile imposed in the
outlets by the resistance boundary condition (nondimensional time axis by dividing per the cardiac period, T, = 0.94 s)
and (b) schematic 2D representation with the boundary conditions applied

the pressure-velocity coupling. Regarding the discretization and interpolation schemes, only second-order interpolation
profiles were selected to maintain the second-order accuracy level of the FVM. For the advective term of both momentum
and pressure equations was used the second-order upwind scheme, with the Green-Gauss scheme for both velocity and
pressure gradients discretizations, and the second-order central differences for the surface-normal gradient in the diffusion
terms. Moreover, the backward scheme was used to temporal discretization.

An important variable analyzed in this research is the oscillatory shear index (OSI), which indicates how the wall shear
stress (WSS) vector varies over the cardiac cycle. OSI can be defined as shown in Eq. (4).

L (Ter (x,t)dt
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where T is the cardiac cycle period and 7 is the WSS vector. Analyzing the Eq. (4) can be noted that the OSI varies
between 0 and 0.5.

3. RESULTS AND DISCUSSIONS

To better understand the origin of high OSI regions on the aneurysm surface, Paraview® was used to visualize the
WSS field along the cardiac cycle. The surface limiting streamlines of the flow field in the frontal view of the aneurysm
geometry are shown in Fig. 3 superimposed with the OSI fields. These streamlines follow the WSS vector field over the
surface and are an approximation of the near-wall flow field (Ardakani et al., 2019). A representation mode named surface
LIC (Line Integral Convolution) was applied to the aneurysm surface, which allows visualization of the direction pattern
of the WSS field over the OSI field. Figure 3 shows this visualization on the aneurysm surface, revealing the high OSI
area over the aneurysm sac. As shown in Fig. 2, we selected 4 time steps to reveal the variation of the WSS vector over
the cardiac cycle period: the first one is the beginning of the cycle (t = 0 s), the second one is the peak systole (/1 =
0.13), the third one is the middle of the period (t/7;. = 0.5) and the last is the low-diastole instant, corresponding in this
case to the end of the cycle (t/7,. = 1). These time steps are represented, respectively, by the letters (a) to (d) in Fig. 3 and
5 in the frontal and posterior view of the geometry of the aneurysm, respectively.

These figures present three vectors on the points identified by the letters A, B and C, which represent the WSS vector
at these points. The point A was selected in the high OSI area on the aneurysm sac surface, while points B and C were
selected in the low OSI areas on the aneurysm sac and the vessel wall, respectively. This representation is very useful to
show the correspondence between the high OSI regions and the high temporal variation of the WSS field lines locally,
which is exactly the meaning of the parameter OSI. Another important visualization that helps to justify the appearance
of high OSI regions on the aneurysm surface are the streamlines of the velocity field, which are shown in Fig. 4 and 6
from the same viewpoint as the geometry and the same time-steps as those presented in the Fig. 3 and 5, respectively.

Figures 4 and 6 show the origin of the high OSI values inside the aneurysm sac, that is, the circulation of the fluid.
The physical mechanism producing this circulation is the shear layer instability at the sac opening. As the main flow
encounters the sac’s leading edge, the boundary layer that is developed along the artery wall abruptly separates due to the
fluid’s inertia and the sudden change in geometry. This separated layer transforms into a free shear layer, characterized
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Figure 3. Frontal view of the aneurysm geometry showing the direction pattern of WSS vector represented over the OSI
field at the (a) beginning of the cycle, (b) the peak systole, (c) the middle of the period, and (d) the diastole instant

Figure 4. Frontal view of the aneurysm geometry showing the streamlines observed at the (a) beginning of the cycle, (b)
the peak systole, (c) the middle of the period, and (d) the diastole instant
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Figure 5. Posterior view of the aneurysm geometry showing the direction pattern of WSS vector represented over the
OSI field at the (a) beginning of the cycle, (b) the peak systole, (c) the middle of the period, and (d) the diastole instant

Figure 6. Posterior view of the aneurysm geometry showing the streamlines observed at the (a) beginning of the cycle,
(b) the peak systole, (c) the middle of the period, and (d) the diastole instant
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by a steep velocity gradient between the faster main flow and the relatively slower (or initially stagnant) fluid inside the
sac. This moving viscous shear layer drags the flow inside the aneurysm sac, acting like an invisible "moving lid" over
the sac’s opening. This combined effect of shearing and dragging induces a large recirculation vortex within the sac. This
vortex occupies most of the sac’s volume, causing the fluid within it to circulate in the opposite direction to the main flow
at the interface with the shear layer, completing its internal rotation. This phenomenon is conceptually analogous to the
classic Lid-Driven Cavity Flow problem, where a solid moving boundary induces fluid circulation in a closed cavity.

4. CONCLUSIONS

This research shows that the high OSI values inside the aneurysm sac are caused by the circulation of the flow induced
by the shear layer instability at the aneurysm sac opening, a phenomenon conceptually analogous to the classic Lid-Driven
Cavity Flow problem, where a solid moving boundary induces fluid circulation in a closed cavity.
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