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Abstract

Brain aneurysms cause almost 500,000 deaths in the world every year. A better understanding
of brain aneurysm genesis and rupture may open new opportunities to prevention and treat-
ment. In this study, a part of the cerebral vascular system, the so called circle of Willis includ-
ing an aneurysm, was analyzed with Computational Fluid Dynamics (CFD). The importance
of boundary conditions in an aneurysm simulation was assessed by comparing the results to
7T MRI velocity data, obtained from the Academic Medical Center (AMC) in Amsterdam. Ad-
equate similarities were found in velocity values, together with qualitative agreement in wall
shear stress (WSS) values.

We found that in a patient-specific case with an aneurysm, the velocity profile was able to de-
velop to a parabolic profile because of its location; the aneurysm existed far downstream of
the circle of Willis. This implies that it is possible to use a cropped arterial system to simu-
late the aneurysm and to use parabolic inlet velocity profiles for patients with this aneurysm
phenotype.

In previous studies, it proved hard to locate the precise location of rupture in an aneurysm. A
risk assessment of the rupture location in an aneurysm can be used as a more accurate tool
to asses the need for surgery. The aneurysm geometry of the CFD Rupture challenge from
2013 (Janiga et al. [1] and Berg et al. [2], J of Biomech. Eng. 2015) was simulated to predict
the location of a rupture site. This rupture location was predicted by combining the following
hemodynamic criteria: the time-averaged wall shear stress (WSSTA), oscillatory shear index
(OSI) and vortex-saddle point structure during systole with accompanying low pressure val-
ues. A sensitivity study was performed on these criteria and a critical threshold for rupture
risk was proposed. Based on these criteria it was possible to predict the exact rupture site for
two analyzed aneurysm geometries. It is concluded that a CFD model could be used to assess
the hemodynamics in intracranial aneurysms. Future research should focus on repeating this
study on more patient specific aneurysm geometries to verify this hypothesis further.
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1
Introduction

Brain aneurysms cause almost 500,000 deaths in the world every year, which makes them an
important topic of research [3]. Intracranial aneurysms are balloon-like expansions most fre-
quently located in or around the Circle of Willis (CoW), which is a circle of arteries around the
brain stem. Aneurysms do not necessarily give symptoms but are very dangerous when they
grow or rupture. With the growth of the aneurysm, the pressure on the brain tissue increases,
which might lead to headaches or loss of functions. A ruptured aneurysm causes a bleeding
inside the subarachnoid space inside the head, which has a mortality rate of almost 50 % [4].

Currently, the precise cause of aneurysms is still unknown, but hypertension, atherosclerosis,
abnormal flow at vessel junctions, heredity, and trauma are often mentioned as causes [5].

Aneurysms are often treated through surgery, when the aneurysm has ruptured or when the
size exceeds a certain threshold [6], although research showed that size is not as important
as the shape for rupture risk [7]. Another way of treatment is to fill the aneurysm sac with
coils to prevent blood flow inside the aneurysm, so that the growth can be stopped. These
procedures are not without risk for the patients. Therefore a non-invasive way to predict the
growth of aneurysms could be a useful tool to calculate and assess these risks. Furthermore,
the thresholds and guidelines present for the treatment of aneurysms are very general and
developed with the use of statistics. Therefore it might be useful to find a way to assess the
risk of rupture and the need for treatment on a patient by patient base. This thesis presents an
assessment of CFD analyses as a tool to substantiate the rationale for treatment.

1.1. Previous research

MRI-CFD

Computational Fluid Dynamics (CFD) is a tool to model blood flow and oxygen transport in
the human body. Magnetic Resonance Imaging (MRI) flow field measurements are used to
provide boundary conditions for these simulations. These measurements often have a very
low resolution, and the images are expensive and time consuming to make. Several studies
have compared the results from CFD studies to 4D-MRI flow measurements in different arter-
ies [8–13]. Some comparative CFD-MRI studies investigated intracranial aneurysms specifi-
cally [14–17]. Generally, the conclusion of these studies was that both methods agreed well.

1



2 1. Introduction

Although CFD has a better resolution than the MRI results, MRI data is needed to provide
proper boundary conditions and initial conditions for the simulations. Literature agrees on
the fact that CFD and MRI complement each other.

Aneurysms

An objective of several CFD studies on intracranial aneurysms is to determine their cause or
the location of their rupture. Absence or misshapes of parent arteries have an influence on
the genesis of aneurysms [18], irregular Wall Shear Stress (WSS) values have an influence as
well [19–21]. Furthermore, substances that influence the blood viscosity, like blood thinners
or other medication, and therefore influence the WSS, are interesting to look at.

The flow patterns inside and surrounding several shapes of aneurysms have been investigated
to elucidate the cause of their growth or even their rupture [22, 23]. However, very few ex-
amples are found of a CFD analysis of an entire CoW geometry including an aneurysm [24].
Next to that, more recent studies that did focus on the flow characteristics inside intracra-
nial aneurysms, did not have access to any flow measurements. These studies used a generic
heartbeat profile as initial conditions [25]. These studies do not assess the validity of these
initial conditions.

Next to the evaluation of WSS values, another way to evaluate the risk of formation and rup-
ture of aneurysms is the Oscillatory Shear Index (OSI) [26]. In literature, it is stated that the
locations with a high OSI value and a low WSS are often used to find the locations with a high
risk of rupture [1, 27–30]. As often multiple locations occur where the rupture risk is high, this
set of criteria to find rupture sites is not complete. As described by Janiga et al. [1], Berg et al.
[29] and Berg et al. [2], several research groups are able to predict several possible rupture sites
inside an aneurysm, but most are not able to determine the actual rupture site. Furthermore,
around half of the causes of aneurysm rupture cannot be found by evaluating hemodynamic
properties, but are determined by the mechanical properties of the aneurysm wall [27]. Con-
sequently, the combination between OSI and WSS as tool to predict possible rupture sites has
limited clinical value. Is it possible to expand the criteria to better predict the rupture site
location?

1.2. Goal of current research

This research builds on the work of Perinajová [13] by using her CFD model of a patient-
specific CoW geometry. In this study, the workflow was optimized and the reproducibility of
the previous CFD results was checked. After this phase, a more specific CFD research was per-
formed on a CoW geometry with an intracranial aneurysm. This geometry was obtained from
the Academic Medical Center in Amsterdam. The goal was to visualize the blood flow phe-
nomena inside the intracranial aneurysm. So in this study a model was made of a geometry of
the full CoW including an aneurysm. The first aim was to investigate the difference between
naturally developed inflow boundary conditions in the aneurysm and forced-on boundary
conditions at the inlet of the aneurysm. Secondly, simulations were performed on another
aneurysm geometry, obtained from the CFD challenge in 2013 [1, 2], to investigate and ex-
pand the criteria to predict the rupture site. With a third criterion it was possible to predict the
rupture location in the CFD challenge aneurysm, as well as for the AMC aneurysm.
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The following research question was formulated: Can a CFD model be used to assess the
hemodynamics in intracranial aneurysms and can this model predict the rupture site in an
aneurysm? This research question is separated in a few sub-questions.

• To what extent is it possible to mimic MRI velocity measurement data with CFD simula-
tions?

• What effect do blood thinners have on velocity profiles and WSS values inside the arter-
ies of the CoW?

• What effect do inlet velocity profiles have on flow structure and WSS values in
aneurysms?

• Which parameters next to the Oscillatory Shear Index (OSI) and Wall Shear Stress Time-
Average (WSSTA) can be found as criteria for the risk of aneurysm rupture?

1.3. Outline
In Chapter 2, the background is presented, to provide a link between Transport Phenomena
and Biology. The methods of simulation and underlying theories will be covered in Chapter 3.
Initialization and results of the simulations regarding the healthy CoW geometry are given in
Chapter 4. In Chapter 5 the results of all aneurysm models and the discussion of their implica-
tion will be covered. Chapter 6 will cover the results of the simulations from the CFD rupture
challenge. Concluding remarks are given in Chapter 7 and finally, some recommendations will
be made in Chapter 8.





2
Theoretical background

This section provides background in the fields this research touches upon. Information about
biological systems as well as transport phenomena is given.

2.1. Biology

2.1.1. Circle of Willis

The Circle of Willis (CoW) is a ring of connected arteries surrounding the brain stem. The
alleged purpose of this circle is that all parts of the brain can still be provided with oxygen if
one of the supplying arteries is stenosed or blocked. The blood enters the CoW via the Basilar
Artery (BA) on the posterior side and via the left and right Internal Carotid Arteries (ICA) on
the anterior side. Six major arteries exit the CoW: The left and right Anterior Cerebral Arteries
(ACA), which are connected by the Anterior Communicating Artery (ACoA), the left and right
Middle Cerebral Arteries (MCA), and the left and right Posterior Cerebral Arteries (PCA). At the
sides of the BA, the left and right Superior Cerebellar Arteries (SCA) are situated. The location
of these arteries is visualized in Figure 2.1.

When parts of the CoW are underdeveloped, neighboring arteries may grow in size to take
over their function, but these abnormalities often hinder the hemodynamic balance inside
the arteries [31, p.556]. The consequences of underdeveloped or missing parts of the CoW
have been studied intensively [13], [32]: the flow rate of the inflow arteries (BA and ICAs) is
decreased as their downstream connected arteries are blocked or not present. The ability of
blood vessels to adapt to certain circumstances is elaborated on in the next paragraph.

2.1.2. Blood vessels

Arterial walls in the human body consist of three layers, tunica intima, tunica media and the
tunica adventitia. The tunica intima is the inner layer. It consists of a single cell layer called
the endothelium and some elastic tissue that connects the endothelium to the tunica media.
The tunica media is the thickest layer in the middle of the arterial wall and consists of smooth
muscle fibers. This layer is able to change the diameter of the blood vessel to influence the
flow rate through the artery. This muscle layer is surrounded by elastic connecting tissue. The

5
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Anterior Cerebral

Arteries

Internal

Carotid

Arteries

Middle Cerebral

Arteries

Posterior

Cerebral

Arteries

Basilar Artery

Figure 2.1: Location of Circle of Willis inside the brain, bottom view. All arteries are present on both the left and
the right side of the circle, the Basilar Artery excluded.

tunica adventitia is the outer layer of the arterial wall, which consists of irregular fibers which
connect the wall to the surrounding tissue [33].

The cells of the endothelium are directly subjected to the Wall Shear Stress (WSS). At a high
WSS value, the endothelium cells release nitric oxide (NO). The vessel wall is then dilated so
that the vessel diameter increases and the WSS decreases. In this way, blood vessels them-
selves are capable of adjusting to a range of flow conditions and their WSS values [34]. When
the flow rate is increased for longer periods, tears were found in the elastic lamina in the ves-
sel wall [20]. A mathematical description of the WSS will be given in Section 2.2.2. It should
be noted that it is likely that abnormalities in the vessel wall are related to the formation of
aneurysms [35, 36].

2.1.3. Aneurysms

An aneurysm is a local bulge in the vessel wall, which can have a size ranging from a few mil-
limeters to several centimeters. Most aneurysms are typically located on the aorta or the CoW;
where in the latter case they are called intracranial aneurysms. The swelling can cause pres-
sure on surrounding tissue, which can cause pain or loss of functions if the aneurysm is located
in the brain. At certain conditions, the aneurysm might rupture. This can cause subarachnoid
hemorrhage; a life-threatening loss of blood inside the brain [31]. Patients with a ruptured
intracranial aneurysm have a 55 % chance of survival if they arrive at the hospital alive. Most
of these patients end up with severe neurological defects [37]. Intracranial aneurysms mostly
occur in patients over 40 years old, although they have been found in children as well [3].

It is mentioned by Selimovic et al. [36] that in an existing aneurysm, the tunica media is de-
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stroyed, so that the tunica adventitia now is the most important load-bearing layer. This seems
to be caused by the fact that a loss of elastin inside the arterial wall induces a repair process.
In this process, the elastin is replaced by collagen. In fluid-solid-growth (FSG) models, the
assumption that a high WSS results in the degeneration of elastin inside the intima did not
result in a saccular aneurysm shape, whereas the application of a low WSS did. At the growth
locations it was found that the low WSS values were accompanied by a high WSS-gradient and
an unstable flow.

Genesis and growth

Different opinions are present in literature on the genesis and growth of intracranial
aneurysms (IA). It is known that most of the aneurysms exist in locations with a ‘complex’
geometry, such as curves or bifurcations. The most common locations are the downstream
MCA bifurcation, the ACA-ACoA bifurcation, or the end of the BA. These locations are
subjected to high WSS values [38]. Research on the arterial walls of patients with ruptured
intracranial aneurysms shows a decreased wall distensibility and an increased intima-media
thickness in the surrounding vessels [35].

The correlation of a low WSS with the growth of an aneurysm is in contradiction with Sforza
et al. [21], who say that the locations associated with the genesis of intracranial aneurysms are
subjected to a high WSS and a high WSS-gradient. This should weaken the vessel wall, which
is caused to bulge out under the pressure of the blood flow. The findings from Sadasivan et al.
[38] and Sforza et al. [21] seem to imply that both low and high WSS values have an effect on
the genesis of aneurysms, but both in another moment in the time line.

According to White et al. [39], not the spatial WSS gradient but the temporal WSS gradient has
a negative influence on endothelial cells in human arteries. This can be defined as oscillations,
which will be elaborated on in Section 2.2.3.

Rupture

Several attempts have been made to relate the shape of aneurysms to the risk of rupture [23,
40, 41]. Goubergrits et al. [41] found that multilobed aneurysms are more likely to rupture
than spherically shaped aneurysms. Next to that, no differences were found in aneurysm size
and average WSS values between the ruptured and unruptured aneurysms. They found that
ruptured aneurysms had locations of high WSS in addition to low WSS values in the dome re-
gion. Other hemodynamic properties that could predict the rupture sites inside an aneurysm
will be dealt with in Section 2.2.

2.2. Hemodynamics

The fluid dynamics that is dealt with when modeling blood flow is called hemodynamics.
Blood consists of plasma, red and white blood cells, thrombocytes, and other diluted sub-
stances, which all have an influence on the flow behavior of the blood. Therefore, the blood
cannot be regarded as a Newtonian liquid, and a model is needed to predict the viscosity under
certain shear stress. The most important factor in determining the viscosity is the hematocrit,
which is the volume percentage of red blood cells in the blood. Medication, such as blood
thinners, can have a drastic effect on the viscosity of the blood. Hitosugi et al. [42] found that
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heparin lowers the blood viscosity by almost 50 %. Such a drastic change in viscosity could
have interesting corollaries, such as a change in WSS that causes the vessel wall to contract
for a longer period of time. This may occur quite often in elderly people who are treated for
several diseases.

2.2.1. Fluid flow

To model the behavior of the flow inside the blood vessels, the Navier-Stokes equations are
solved numerically. These are given for laminar flow in Euler notation by (2.1) and (2.2).

∂ui

∂xi
= 0 (2.1)

ρ
∂ui

∂t
+ρu j

∂ui

∂x j
= − ∂p

∂xi
+ ∂

∂x j

(
µ
∂ui

∂x j

)
(2.2)

where u denotes the velocity, ρ the density, p the pressure and µ the dynamic viscosity. The
continuity equation (2.1) prescribes that the fluid is incompressible. The time rate of change,
convective transport, pressure as a source term and diffusive transport are described by (2.2).

2.2.2. Wall Shear Stress

The definition of the WSS is given in (2.3).

τw =µ
(
∂u

∂r

)
r=R

(2.3)

This quantity is calculated along the wall of the blood vessels. A local high WSS means that
the gradient of the velocity in the direction normal to the vessel wall is large. This means
that the velocity difference between the center of the vessel and near the wall is large. The
time average of the WSS (WSSTA) is often used as a criterion for a localized risk evaluation of
aneurysm rupture. This criterion is defined by (2.4).

WSSTA = 1

T

∫ T

0
|WSS|dt (2.4)

where T is the length of a heartbeat.

2.2.3. Oscillatory Shear Index (OSI)

In literature, the OSI is often used to characterize flow patterns in and around aneurysms to
predict growth or rupture. OSI is defined in (2.5).

OSI = 0.5

(
1−

∣∣∫
T

~WSSdt
∣∣∫

T |WSS|dt

)
(2.5)

This equation was first defined by Ku et al. [26]. The OSI is used to show the locations where the
variability of the WSS within one cardiac cycle is large. The cells in the wall then have to endure
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large variations in shear stress in a small period of time, which could lead to degradation of
the vessel wall. Together with a low WSS time-average (WSSTA) value, there is a high risk of
aneurysm rupture [1, 27, 30].

2.2.4. Wormersley flow

Due to the pulsating nature of blood flow, a parabolic velocity profile is often not the right
approximation for the blood flow inside blood vessels. To determine the nature of the veloc-
ity profile, Womersley [43] described a dimensionless number that was a combination of the
Reynolds number and the Strouhal number; the Wormersley number (α). Defined by (2.6).

α= R

√
ω

ν
(2.6)

Where R is the radius of the artery, ω is the angular frequency of the pulsating flow and ν is
the kinematic viscosity of blood. The number describes the relation between transient inertial
forces and viscous forces. When the number is low (α< 1), the velocity profile between pulses
develops to a parabolic profile, when the value is high (α> 10), the profile approximates a plug
flow profile [44].

Blood in the cerebral arteries has Wormersley numbers between α≈ 1.4, for small blood ves-
sels and a low heartbeat rate, and α ≈ 4 for larger vessels and a higher heartbeat rate. This
means that the velocity profile has a shape that lies in between the parabolic profile and a plug
profile.





3
Numerical Methods

In this Chapter, the methods with which the equations (2.1) and (2.2) are solved, will be ex-
plained. Next to that, the methods of preparing the geometry for meshing, the meshing itself,
the mesh sensitivity study and the time resolution will be touched upon.

3.1. Models and Convergence

All simulations are done with Fluent 17.1 from ANSYS [45]. This Section covers the methods
used by this simulation package to solve the equations (2.1) and (2.2). According to Khan et al.
[46], the numerical methods used in a hemodynamic simulation are essential to the simula-
tion’s accuracy. The use of second-order methods instead of first-order methods is crucial for
accuracy and these will, therefore, be used in this study.

Blood flow in the CoW can be modeled as a low-speed incompressible flow. Consequently, the
choice has been made for the pressure-based solver. The governing equations are discretized
and a Finite-Volume approach is used to solve these equations for each control volume. The
coupled governing equations are decoupled and solved in a segregated manner. The SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) algorithm uses a combination of pres-
sure corrections and velocity to satisfy the discrete governing equations [45, 47]. The models
and settings that have been used are listed in Table 3.1

Table 3.1: Solver settings used in Ansys FLUENT

Setting Value

Physics Solver Pressure based
Pressure Second Order Upwind
Momentum Second Order Upwind
Gradient Least Squares Cell Based
Velocity and Pressure coupling SIMPLE
Time step Second order Implicit
Residual Threshold (Absolute) 10−5

11
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3.2. Boundary conditions

The wall of the geometry has been modeled as a rigid wall with no-slip boundary conditions.
This approach has been used in several studies [9, 13, 18].

3.2.1. Inlet

The inlet boundary conditions are provided on the BA, RICA and LICA. In the first simulations,
a parabolic velocity profile following a heartbeat was used [13]. The data for these profiles was
provided by the AMC, where the average flow velocity was measured for 12 time steps in one
heartbeat. A Fourier fit of these data points makes it possible to define this profile for all time
steps in the measured heartbeat. This Fourier fit can be found in Figure 3.1.

Figure 3.1: Fourier fits for the inlet boundary conditions for the healthy CoW simulation

The influence of the initial conditions is verified by comparing WSS values at several time-
instances in the heartbeat after one, two and three heartbeat cycles. The result of this simula-
tion can be found in Figure 3.2. In this Figure can be seen that the WSS in the first heartbeat
shows a large difference (> 50 % difference) from the WSS values in the second and the third
(< 1 % difference). This means that the initial conditions need at least one cardiac cycle to be
mitigated. From this can be concluded that at least two heartbeat cycles should be simulated
before data can be extracted and conclusions can be drawn from the results.

Flow Profiles

The influence of the enforced velocity profile at the inlet was studied by a simulation on a
healthy CoW geometry. In literature, the Wormersley flow profile is mentioned as the desired
inlet velocity profile. The extreme shapes of the Wormersley profile for the Wormersley num-
bers that occur in the CoW are a plug flow profile and a parabolic profile. Both these profiles
have been simulated so that the significance of their difference can be determined. The dif-
ference between these two models is negligible. Because the use of cylindrical extrudes at the
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Figure 3.2: Wall Shear Stress values of a line along the surface at y = 0.019 m at times in the first, second and third
simulated heartbeat. The green and blue lines lay on top of each other.

inlets of the geometry, the plug flow profiles develop to parabolic profiles before they enter
the actual blood vessel. Table 3.2 shows the Wormersley numbers for all arteries in the CoW
calculated with equation (2.6). The area is obtained from the geometry, from which the radius
is calculated. The angular frequency of the heartbeat is extracted from the Fourier fit on the
heartbeat data. The low values of α suggest that a parabolic inlet profile is sufficient to model
the blood flow in this CoW.

Table 3.2: Wormersley numbers in all arteries inside the CoW.

Artery BA LICA RICA LACA LMCA LPCA LSCA RACA RMCA RPCA RSCA

α 2.75 2.97 3.09 2.09 2.40 1.84 1.33 1.88 2.02 1.55 0.90

3.2.2. Outlet

The boundary conditions at the outlet are provided as a targeted mass flow that is a fraction of
the total inflow in the system. Several methods are known to calculate these fractions so that
the simulated flow is as realistic as possible. The first way to calculate the outflow fractions is
to use the data provided by the MRI scans themselves. It is found, however, that the sum of
the mass flow at the inlets is not always equal to the mass flow at the outlets. This means these
values can only be used as guidelines.

A second way to specify the mass flow is with Murray’s law, which describes a certain outflow
as a fraction of the mass flow at the inlets. The law prescribes a relation between the ratio of
the volumetric flow rate Q and the ratio of the upstream and downstream vessel radii (3.1) [48].

Qout∑
Qi n

= R3
out∑
R3

i n

(3.1)

Instead of this calculation, the outflow mass fraction per outlet can also be calculated with the
areas of the blood vessels (3.2).

Qout∑
Qi n

= R2
out∑
R2

i n

(3.2)
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The areas of the blood vessels were measured by MRI for each inlet and outlet so that the
outflow mass fraction could be calculated.

Both equations (3.1) and (3.2) were implemented as outflow boundary conditions to study
their influence on the total flow field and the resemblance to the MRI velocity results. It turned
out that equation (3.2) gave the best results, when the areas measured by the MRI scanner were
used. In this way, the outflow conditions were calculated from the total inflow. The fractions
used for the healthy CoW model are given in Table 3.3. These were implemented by a User
Defined Function (UDF), of which the first version was created by Perinajová [13].

Table 3.3: Imposed outflow fractions for the healthy Circle of Willis simulation.

Outlet artery LACA LMCA LPCA LSCA RACA RMCA RPCA RSCA

Flow fraction 0.12 0.25 0.09 0.05 0.11 0.29 0.07 0.02

3.3. Preparing the geometry

In the process of MRI scanning, there is always a trade-off between the spatial and temporal
resolution. This data set has a time resolution of 12 time steps, and the MRI data has a spatial
resolution of 0.5 mm in three directions. Therefore the surface has to be smoothed in order
to use the geometry for CFD simulations. To do this, the Vascular Modeling Toolkit is used.
The Vascular Modeling Toolkit (VMTK) is a Python-based program that lets one smooth the
often rough images that are produced by MRI scans [49]. The geometry of the arteries is fur-
ther prepared for use in CFD models by adding extrusions and caps to the inlets and outlets
of the vessel system and by enhancing the surface so that the surface can be used for mesh
generation. In Figure 3.3 the result of the smoothing and extrusion of the geometry is shown.
The VMTK code used for these manipulations can be found in Appendix C.

Figure 3.3: The results of the VMTK smoothing: on the left side the raw MRI image is shown, on the right side the
exportable geometry.
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3.4. Mesh
After preparation of the geometry, the mesh is generated using the Ansys ICEM mesher. A
polyhedral mesh is made with a boundary prism cell layer of 6 cells. Refinement is used along
corners and in small arteries. The mesh is visualized in Figure 3.4 with a zoom on the BA, the
LPCoA and the RPCoA-RMCA shoulder. In Table 3.4 the largest and smallest mesh sizes are
listed.

Table 3.4: Minimal and maximal element sizes of CoW mesh

Element Volume (mm3) Length scale (mm)

Smallest 4.7165 ·10−8 0.00361
Largest 4.1398 ·10−3 0.161

Figure 3.4: Visualization of the mesh (3M cells) with a zoom on the BA, the LPCoA and the RPCA-RPCoA shoulder

3.4.1. Mesh sensitivity

To make sure that the solution found by ANSYS Fluent does not depend on the mesh size,
several simulations were performed to map the changes in the solution due to changes in
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mesh size. The mesh sizes for the mesh sensitivity study are listed in Table 3.5. The results
of the simulations done with the coarse, medium and fine mesh are given in Figure 3.5. In
this Figure the WSS on a line on the surface is plotted. The Figure shows that there is a small
difference between the coarse, medium and fine mesh. Because of this small difference, for
the following calculations, a mesh with at least 2.5 million polyhedral cells will be used.

Table 3.5: Mesh sizes, resolution and the relative error of all meshes of mesh sensitivity study

Mesh 1 2 3

Size (tetrahedral) 9M 17M 28M
Size (polyhedral) 2.5M 4.5M 6.3M
WSS average (Pa) on line y = 0.019 m 19.1584 19.2329 19.5079
Error relative to fine mesh 1.79 % 1.41 % -
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Figure 3.5: WSS plot at the surface of the CoW at y = 0.019 m

3.5. Material properties
The properties of blood have been used as material properties in all CFD simulations. The
density ρ is taken as 1060 kgm−3. For the viscosity the Carreau-Yasuda model is used, which
was provided by Perinajová [13]. This model is described by equation (3.3) and the parameters
of this model are given in Table 3.6. This model results in non-Newtonian properties so that
the blood behaves as a shear thinning liquid.

µ(γ̇) =µ∞+ (µ0 −µ∞)
(
1+ (γ̇λ)a) n−1

a (3.3)

where γ̇ is defined as the strain rate.

The influence of this model has been verified by comparing simulations with the Carreau-
Yasuda viscosity model with simulations with a constant viscosity of 0.0035 Pas. For both
the systole and the diastole, the velocity values are plotted. These results can be found in
Figure 3.6. These plots show that the velocity differs with a maximum of 0.025 ms−1, which is
a relative maximum difference of around 5 %.

The WSS values in both simulations show little difference (< 5 %), which can be explained by
the fact that the viscosity model does not have much influence near the wall, as the velocities
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Table 3.6: Fitted values for the Carreau-Yasuda viscosity model [13]

Parameter Value

µ0 213.1
µ∞ 3.14
λ 50.2
a 0.8588
n 0.331

Figure 3.6: Velocity difference between Carreau-Yasuda model and constant viscosity. Plot originating at a slice
at x = 0.045 m for both the diastole and the systole of the heartbeat.

are small at those locations. The Carreau-Yasuda model will be used in all future calculations.
This study suggests that if the assumption of constant viscosity would be made, the effect
would be small.

3.6. Temporal Resolution
The temporal mesh was validated as well. Depending on the size of the time steps, numer-
ical diffusion affects the temporal mesh. Khan et al. [46] concluded that the temporal mesh
size can have a large influence on numerical results of unstable hemodynamic simulations.
Therefore after establishing a minimal spatial mesh size, the minimal temporal resolution has
been investigated. For that, three simulations were performed with time steps of ∆t = 0.01
s, ∆t = 0.001 s and ∆t = 0.0001 s. The static pressure and the velocity magnitude have been
probed at three points: inside the BA, at the shoulder of the LICA and at the end of the RMCA.
Figure 3.7 shows the results for the three different time steps in the temporal resolution. The
pressure data of the largest ∆t differs from the smaller ∆t in all three locations (< 3 %). The
velocity measurements are similar for all resolutions (difference < 1 %). From this can be con-
cluded that a time step of 0.001 s is necessary and sufficient to perform accurate simulations.
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Figure 3.7: Results of the temporal resolution measurements at three locations for the static pressure and the
velocity magnitude.





4
Healthy Circle of Willis

This Chapter describes the similarities and the differences that are found when comparing
MRI data to CFD simulations, to extend the results provided by Perinajová [13]. It will also give
a critical view on the resolution of MRI measurements. Afterward, the implication of different
blood viscosity values is discussed.

4.1. Geometry

The healthy CoW geometry is obtained from the 7T MRI scanner from the Academic Medical
Center in Amsterdam. The geometry with the appointed names of the arteries can be found in
Figure 4.1.

4.2. Evaluation of MRI data

The measurement data that have been obtained from the AMC in Amsterdam have to be post-
processed to visualize the data and draw conclusions from the comparison with the CFD re-
sults. The MRI data is obtained as a 5D matrix containing three coordinates, their velocity
values, and time. The spatial resolution is 0.5 mm, the temporal resolution is 12 time steps per
heartbeat. This data is processed by a Matlab script that reads the 5D velocity and WSS data
and displays it. This script can be found in Appendix B.

In addition to this, WSS values are directly calculated from these velocity measurements, using
the velocity gradients. This means that the velocity data, that already shows some error, has to
be interpolated to find WSS values. In some arteries only two or three measuring points in a
cross-section are present. If one of these points is noisy, the WSS calculations made with these
data points is unreliable.

4.2.1. Flow properties MRI data

To make an analysis of the similarities between CFD and MRI, it is important to investigate
the imperfections of the MRI data as well. Figure 4.2 shows the velocity magnitude extracted
from the MRI velocity data with a zoom on the RMCA. The slices are visible in the y-direction

21
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RACALACA

RPCALPCA

RICALICA
RMCALMCA

RSCALSCA
BA

Figure 4.1: Bottom view of a patient-specific geometry of the Circle of Willis

so that the geometry is rotated 90 degrees. To find out whether the comparison with CFD is
valid, a continuity evaluation has been done on the RMCA, the RPCoA and the BA. In at least 7
slices in each of these arteries, the velocity normal to the plane has been investigated. In this
evaluation, the average normal velocity was multiplied by the number of pixels and the size of
a pixel to obtain a volumetric flow equivalent. These flows were compared in all slices of each
artery. This evaluation was done for three time-steps. The Figure shows that the volumetric
flow rate is not equal through each plane, which should be the case.

It was found that in the RPCoA the absolute errors were smallest (± 0.2 mLs−1) but the relative
errors were up to 95 % with respect to the median. This high percentage was due to the low
absolute velocities. For the BA the errors were smallest, the overall error was in the order of 5
%. The RMCA had relative errors of around 10 %. The full table with all values can be found in
Appendix A.1.

4.3. Results: Comparison CFD-MRI

For an MRI-obtained geometry of a Circle of Willis simulations have been performed with
initial and boundary conditions provided by MRI measurements. In this section, these mea-
surements are compared with the results of the simulations for velocity measurements and
WSS values.
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Figure 4.2: Flow measurements from MRI scanner in their original resolution. Three slices of the RMCA have
been zoomed in on to show the discontinuity between the planes in the systole phase.

4.3.1. Velocity measurements

The comparison of MRI flow velocity data and CFD velocity data is a follow-up on the research
done by Perinajová [13]. In Figure 4.3 the comparison of the velocity magnitude in several
slices of the CoW can be seen for both the systole and the diastole. In both images the overall
velocity magnitude is similar. During the systole, the MRI data shows some high values that are
not present in the CFD image. These high values are probably caused by noise in the MRI data.
In the systole image can also be seen that the velocity at the wall is not necessarily measured
to be zero. This can be the case due to averaging over a voxel in the MRI data.

Figure 4.4 shows one slice of the MRI measurements with the corresponding CFD results. The
Figure shows that the global characteristics of the flow are mimicked well by the CFD simula-
tion. A few voxels from the MRI measurements show unexpectedly high velocities. These red
spots can occur because of measuring errors in the MRI data.



24 4. Healthy Circle of Willis

(a) Diastole

(b) Systole

Figure 4.3: The comparison of the velocity magnitude in several slices of the MRI data (left) with CFD data (right)
for the diastole (0.66T ) and systole (0.83T ) phase of the cardiac cycle. The x y z-coordinates of the MRI data
denote voxels.
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(a) Plane comparison CFD-MRI for the 25th MRI plane in the z-direction during systole

(b) Zoom on parts of the 25th plane, comparison between MRI (left) and CFD (right).

Figure 4.4: The comparison of the velocity magnitude in a z-plane of the MRI data (left) with CFD data (right) for
the systole (0.83T ) phase of the cardiac cycle. The x y z-coordinates of the MRI data denote voxels.
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4.3.2. Wall Shear Stress

In Table 4.1 the average and maximum values of the MRI data and the simulations can be
found. The maximum value of the WSS in the MRI data is higher for the diastole than for
the systole. This is not expected and can be the result of the calculations of the WSS that
depend on the relatively low resolution of the gradients of the velocity data. If so, this means
that displaying the WSS data normalized according to its maximum value can lead to biased
plots. The characteristics of the high and low WSS values can, however, be identified when this
displaying method is used.

The WSS values of the MRI data and the CFD simulations are compared in Figure 4.5, where
the values are normalized by their maximum value in that time step. Because both the systole
and the diastole MRI data have been normalized by a number with the same order of magni-
tude, the difference between the two time steps is very large. In the CFD data, however, both
time steps have been normalized by two numbers that differ almost an order of magnitude
so that the characteristics of these plots are very similar. This is as expected because the flow
characteristics do not inherently change in shape as much as in magnitude during the cardiac
cycle. The locations with the high WSS values in the CFD images occur in regions where a high
flow velocity is present. This explains the elevated WSS in the MCAs with respect to the PCAs,
as the MCAs generally have a higher flow velocity. This is due to the high flow velocity in the
ICAs, the mother artery of the MCAs, with respect to the BA.

When the MRI and the CFD data are compared in the diastole, a slight similarity in the flow
characteristics can be found. The RPCA has a region with elevated WSS values and in the
both MCAs the WSS values in the MRI are heightened as well, although this is more visible in
the CFD simulation than in the MRI data. In the systole the same regions with elevated WSS
values can be found in the CFD image, and in the MRI data these regions are also subjected to
a high WSS. This means that local geometry is more important for the WSS variations, as these
variations are the same in several time instances of the cardiac cycle.

Table 4.1: Average and maximum WSS values for diastole and systole in CFD and MRI

Avg WSS (Pa) Max WSS (Pa)

MRI CFD MRI CFD

Diastole 1.72 1.91 24.72 20.4
Systole 3.97 5.24 17.82 92.5



4.3. Results: Comparison CFD-MRI 27

(a) Diastole

(b) Systole

Figure 4.5: The comparison of the WSS on the z-plane of the MRI data (left) with CFD data (right) for the diastole
(0.66T ) and systole (0.83T ) phase of the cardiac cycle. The x y z-coordinates of the MRI data denote voxels.
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4.4. Blood thinners

The effect of medicinal blood thinners on the properties of the flow was simulated with a con-
stant viscosity of 0.025 Pas ([42]) with probes on the BA, the LICA and the RMCA. The coordi-
nates of these probes are: (0.0317, 0.033, 0.006) for the BA, (0.044, 0.016, 0.009) for the LICA and
(0.012, 0.016, 0.0195) for the RMCA. Due to the only slight difference in the simulations with a
constant viscosity and a viscosity model (Section 3.5), a constant viscosity has been used.

In Figure 4.7 the static pressure en velocity data on probed locations in the BA, LICA and RMCA
are given. In these figures, two heartbeats of period T = 1.13 s are shown for the data of the
model with and without blood thinners. For all three locations, the static pressure of the nor-
mal blood is higher than the static pressure with blood thinners. Both simulations have the
same enforced velocity profile, so with a lower viscosity, the pressure is indeed expected to be
lower. In the BA neck and the RMCA this difference is about 15 Pa, in the LICA the difference
is smaller because that probed point is closest to an inlet.

For the velocity, the difference between normal blood and blood with a lower viscosity is
smaller, but noticeable for the BA and the RMCA. Again, the difference in the LICA is less visi-
ble because the probing point is closer to the inlet where similar velocity profiles are enforced.
The difference in velocity is expected because a lower viscosity enforces a higher velocity due
to less friction.

Figure 4.6: The difference in WSS between the normal case and the blood thinner case for the diastole (0.64T )
and systole (0.87T ) phase of the cardiac cycle.

Next to a comparison of static pressure and velocity, the WSS has been compared as well. In
Figure 4.6 the WSS values for both cases are shown for the diastole (0.64T ) and systole (0.87T ).
In most locations, the WSS values are lower for the simulation with blood thinners, although
the difference between the two cases is small. In Figure 4.6 this can be observed as a small
difference in the WSS pattern in the LMCA and RMCA in the diastole phase and in the RPCA
in the systole phase.

This means that a lower viscosity is correlated with a lower WSS. When a lower WSS is indeed
a cause of the growth of aneurysms, this could be listed as an extra risk when using blood
thinners.
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Figure 4.7: Results of the use of blood thinners for the static pressure and the velocity magnitude measured at
three locations.
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4.5. Discussion
MRI scanners are a very expensive part of hospital equipment. New research techniques try
to find ways to reduce the time spent in an MRI scanner and to use the obtained data to the
fullest. This research makes a comparison between flow measurements from a 7T MRI scanner
and CFD simulations that have been performed with MRI measurement data. For the velocity
fields, the agreement is good. The WSS values differ in magnitude, but the locations with high
and low WSS are similar for CFD and MRI. This means that the hemodynamics of the system
is well-captured by CFD.

The exact cause of the development of aneurysms is still unknown, but is likely a combination
of multiple factors. One of these factors is a low WSS value, which causes the endothelial
cells to release NO. NO causes the muscles in the vessel wall to contract, to increase the blood
velocity and thus increase the WSS. People that use blood thinners have blood with a lower
viscosity, which decreases the WSS and increases the maximum velocity. This means that more
NO is released, and the blood vessels are contracted more often. Eventually, this could lead to
wear of the muscle cells in the vessel wall and this might encourage the growth of aneurysms.



5
CoW with Aneurysm

The second geometry that was obtained from the AMC was a CoW with a saccular aneurysm
with a well-defined neck on the downstream RMCA. This geometry is shown in Figure 5.1. In
addition to that, the LPCoA was missing, which cuts off the connection between the BA and
the LICA.

RACA LACA
RPCA

LPCA

RICA LICA
RMCA LMCA

RSCA
BA

Figure 5.1: CoW with an aneurysm on the RMCA.

5.1. Methods

In this section, the simulation process is explained as an addition to Chapter 3.

5.1.1. Mesh

This geometry was meshed with 10 million cells in the tetrahedral mesh and 2.8 million poly-
hedrals. Both the polyhedral and the tetrahedral meshes have been simulated to prove that
they give similar results. Furthermore, a finer mesh of 20 million polyhedral cells has been
simulated as well. Figure 5.2 shows the values of the WSS on the wall of the RMCA.
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Figure 5.2: Mesh sensitivity study for the CoW geometry with aneurysm. The slice is taken at y = 0.014 m. The
difference between the coarse polyhedral mesh, the tetrahedral mesh and the fine polyhedral mesh is less than 5
%

5.1.2. Boundary Conditions

The boundary conditions that have been used are based on the flow measurements. A
parabolic inlet profile is imposed in the ICAs and BA. The boundary inflow conditions are
obtained in the same way as mentioned in Section 3.2.1. The length of one heartbeat for this
model is 747 ms, with the peak systole after 616 ms and the peak diastole after 356 ms. The
Fourier fit for the inlet boundary conditions can be found in Figure 5.3.

For this geometry, the outflow boundary conditions are calculated with respect to the radius
of the outlet artery. In Table 5.1 the mass flow fractions for the outlets are specified.

Table 5.1: Flow fractions defined for the outlets of the CoW with aneurysm geometry.

Artery LACA LMCA LPCA RACA RMCA RPCA RSCA

Fraction 0.18 0.05 0.19 0.21 0.11 0.19 0.07
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Figure 5.3: Fourier fits for the inlet boundary conditions for the CoW with aneurysm simulation

5.2. MRI vs. CFD Aneurysm
In this section, a comparison is made between MRI measurements and CFD data of the veloc-
ity inside a CoW with an aneurysm on the RMCA. In Figure 5.4 the results of this comparison
are shown. It is visible that the velocity magnitude of the two plots in both the systole and
the diastole is very similar. This means that the CFD simulation is capable of capturing the
variations in velocity magnitude.

In the diastole, the low-velocity regions (BA, inside the aneurysm) are well-captured. In the
systole, the profile is very similar as well, although there is a rise in velocity at the exit of the
aneurysm, which may be due to the size of the extension inserted by VMTK.

Figure 5.5 shows a single slice taken from the MRI measurements to compare with the CFD
simulations in that slice. A zoom is provided on the aneurysm itself. The figure shows some
similarities in the velocity inside the aneurysm and on the other side; at the LMCA. The slices
in the central part of the CoW show some differences. In the zoom image of the aneurysm, the
velocity contours between MRI and CFD are very similar.
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(a) Diastole

(b) Systole

Figure 5.4: The comparison of the MRI measurements (top) and CFD simulation (bottom) of the velocity mag-
nitude in a CoW with an aneurysm for the diastole (0.44T ) and systole (0.77T ) phase of the cardiac cycle (0.75
s)
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(a) Slice of CoW geometry with aneurysm comparison between MRI (top) and CFD (bottom).

(b) Zoom of slice for the aneurysm only for MRI measurements (left) and CFD simulation (right).

Figure 5.5: The comparison of the velocity magnitude in a CoW with an aneurysm for the systole (0.77T ) phase
of the cardiac cycle (0.75 s)
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5.2.1. Wall Shear Stress

The MRI measurements have also been compared to CFD simulation results based on the WSS
values on the wall of the CoW. Figure 5.6 shows the relative WSS normalized by the maximum
value of the MRI and CFD results, respectively. Similarities are present at the aneurysm wall,
the BA surroundings, the RICA surroundings, and the RPCoA.

Figure 5.6: Normalized WSS values of the MRI measurements (top) and the CFD simulation results (bottom) of
the CoW with aneurysm during the systole phase.
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5.3. Aneurysm reduced geometry

The reduced geometry aneurysm is a section of the geometry described at the start of this
Chapter.

5.3.1. Mesh

In this geometry, only the RMCA including the aneurysm is modeled. The geometry is meshed
with 3 million tetrahedrals and 800k polyhedral cells. A mesh sensitivity study has been done
with a finer mesh of 2.25 million cells. The difference between these simulations was less than
1 % (A.2.1).

5.3.2. Boundary Conditions

The inlet boundary conditions were obtained from MRI measurements on the RMCA. The
Fourier fit for the inlet boundary conditions can be found in Figure 5.7.

Figure 5.7: Fourier fits for the inlet boundary condition for the aneurysm and CFD challenge simulation

The velocity profile at the inlet might influence the flow profile inside the aneurysm. It is
important that the inlet velocity profile is similar to the velocity profile that is simulated in
the geometry with the full CoW. Figure 5.8 shows that the velocity profile in the RMCA during
systole evolves from a complex profile to a profile that is close to parabolic. The profiles for
the diastole look similar but have lower velocity magnitude. Therefore the simulation of the
reduced geometry can be done with either parabolic of plug flow inlet velocity profiles, which
will be further investigated in Section 5.4. This result contradicts the findings from Castro
et al. [18], which can be explained by the long and straight shape of the RMCA in this patient-
specific case.
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Figure 5.8: Developing velocity profiles from complex to parabolic/plug flow profile in the systole phase

5.4. Inlet flow profiles reduced geometry Aneurysm
In current literature, all aneurysm geometries are focused on the aneurysm itself, with an inlet
and one or several outlets. The boundary conditions are often parabolic, uniform or Wormer-
sley profiles that are imposed on that inlet. In this section, the shape of the velocity profile at
the entrance of the aneurysm as a result of different inflow boundary conditions is compared.
In the previous paragraph has been discussed that because of the length of the RMCA in the
AMC aneurysm geometry, the flow entering the aneurysm is developed into a parabolic-like
profile.

In Figure 5.9 the velocity profiles and the WSS values during systole in the aneurysm are com-
pared between two cases where either a parabolic or plug flow profile was enforced at the inlet.
The parabolic case and the difference between the two is shown. The velocity profiles develop
inside the RMCA, where the difference between the two is the largest. When they enter the
aneurysm, the difference between the flows is less than 10 %, in the aneurysm itself the dif-
ference has vanished. This result suggests that as long as the inlet artery is long enough for
the flow to develop, the enforced inlet velocity profile does not matter for the flow inside the
aneurysm.

The WSS values in the dome of the aneurysm are similar as well. At the inlet of the geometry
differences can be found in WSS values, which can be explained by the difference in flow pro-
files. A plug flow profile enforces a higher velocity gradient at the wall, which causes a higher
WSS value. As the plug profile develops into a more parabolic profile, the WSS values decrease
and are similar to the case with a parabolic inlet flow profile. The difference of the WSS values
inside the aneurysm is below 10 %.
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Figure 5.9: Comparison of the flow inside an aneurysm and connecting arteries between an enforced parabolic
and plug velocity profile. The upper image shows the parabolic profile, the lower shows the difference between
parabolic and plug in velocity vectors as well as WSS. Blood enters from the right.
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5.5. Discussion
To increase understanding of aneurysms and their growth or rupture, it is important to map
the hemodynamics inside the aneurysm. Previous studies that focused on aneurysms have
almost always focused on the aneurysm itself, without incorporating the flow field caused by
the complex geometry of the cerebral arterial system. This study compares MRI flow measure-
ment data with CFD simulations and found a good comparison.

Additionally, the flow profile development in the artery upstream of the aneurysm has been
investigated. Due to the long RMCA branch leading to the aneurysm, the flow profile was able
to develop from a complex shape to a parabolic shape. This means that for this specific case
it is also possible to simulate the aneurysm without the full CoW with parabolic inlet velocity
conditions. This possibility will have to be assessed at each specific case.

The differences in flow structures inside the aneurysm as a result of different inlet velocity
profiles were also studied. The flow structure inside the aneurysm was similar, the WSS values
were similar as well.



6
Rupture Challenge

The geometry that was used in the CFD challenge of 2013 [1, 2] was simulated to test the ability
of the current model to find the rupture location inside an aneurysm. In this challenge, a
geometry was provided with patient-specific blood flow information, which is very similar to
the boundary conditions that are imposed on the reduced aneurysm geometry. The rupture
site of the aneurysm is known, so the ability of the simulation to predict the rupture site can
be checked.

6.1. Methods

This geometry was meshed with 2.5 million tetrahedral cells and 600k polyhedral cells. A mesh
sensitivity study has been performed with a finer mesh of 1.8 million polyhedral cells, which
showed a difference in WSSTA values of 0.1 % (A.2.2).

The boundary conditions that have been used for the inlet are the same as for the AMC
aneurysm model (Section 5.3.2). For the outlets a target outlet flow fraction calculated by area
has been used. All other simulation settings were equal to those of the CoW Aneurysm model.

6.2. Rupture location

For both the CFD challenge Aneurysm and the aneurysm from the AMC the OSI and the WSS
time-average are calculated and plotted with a Matlab routine that can be found in B.2. The lo-
cations with both a high OSI and a low WSSTA value are described as risk locations for rupture.
Because no definition has been found what a ‘high’ or ‘low’ value is, the 10 % of the highest
OSI values and lowest WSSTA values are intersected and a risk location map is created. In the
search for a third criterion to further specify the rupture site, the 10 % of the lowest pressure
values inside the aneurysm dome are intersected with the OSI and WSSTA values.

6.3. Risk of rupture

The geometry that was provided for the CFD geometry in 2013 [1, 2] was simulated make an
attempt of finding the rupture site of this aneurysm. The locations with a high OSI value and
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a low WSSTA value would have the highest probability to be the starting point of the rupture.

6.3.1. Criteria

The exact mathematical description of these criteria is necessary to provide a clear rupture
risk map. However, in literature, no exact value is mentioned. To be able to draw conclusions,
an arbitrary number of highest 10 % or lowest 10 % is chosen to make it possible to compare
several criteria.

First, the cells that are inside the wall of the aneurysm are isolated. Equations (6.1) and (6.2)
show how the threshold for both the OSI and the WSSTA is calculated.

OSI > (1−G) · (OSImax −OSImi n)+OSImi n (6.1)

WSSTA <G · (WSSTAmax −WSSTAmi n)+WSSTAmi n (6.2)

where G denotes the percentage threshold. These equations calculate a percentage of the
full range of either the OSI or the WSSTA, after which the threshold value is corrected by the
minimum value. All cells that have OSI values above and WSSTA values below these thresholds
are marked as risk locations. The percentage is varied between 1 and 25 % to illustrate the
chosen threshold for both parameters. Figure 6.1 shows the areas of the aneurysm appointed
as risk location colored by the percentage of the data that is taken into account. Table 6.1 shows
several OSI and WSSTA values at certain percentages. For OSI these are the highest values, for
WSSTA the lowest.

Criterion Threshold: 1% 5% 10% 15% 20% 25%
OSI risk above: 0.492 0.464 0.429 0.395 0.360 0.325
WSSTA (Pa) risk below: 0.123 0.415 0.778 1.142 1.506 1.869

Table 6.1: Values of OSI and WSSTA at several threshold percentages. Higher OSI values could appoint a risk, just
as lower WSSTA values. The values at 10 % are used to obtain the rupture risk plots.

In the plot for the OSI, the higher the percentages, the more risk a certain location has. That
means that the highest 5 % is higher than 95 % of the calculated maximum. For the WSSTA
plot, the lower percentages show a higher risk. In this aneurysm, almost all OSI values are
below 75 % of the maximum, where most of the WSSTA values are within the lowest 25 % of
the range. This means that when a percentage of 10 % is chosen, the WSSTA criterion will result
in more ‘risky’ cells than the OSI criterion. The intersection of these two groups of cells will
give the actual locations with a high risk of rupture. The results of this intersection is shown
in Figure 6.2. This Figure shows several locations with a high risk of rupture. All sites that
are highlighted have also been found by other research groups in the CFD challenge, and all
sites were appointed as the rupture location at least once [2]. The correct rupture location was
found by one of the groups.

Another parameter next to WSSTA and OSI might be available to further determine the rup-
ture location. A hemodynamic evaluation was made of the vortex structures in the aneurysm
dome. These are shown in red in Figure 6.3a. Streamlines were plotted around the vortex
cores. Only one of the vortices bundled the streamlines that were close and created a saddle
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(a) OSI threshold percentages, higher values means
higher rupture risk

(b) WSSTA threshold percentages, lower values means
higher rupture risk

Figure 6.1: OSI and WSSTA results of the CFD challenge aneurysm.

point with the source-axis perpendicular to the wall. This vortex was located at the rupture
site.
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(a) Risk of rupture zones in green - front side (b) Risk of rupture zones in green - back side

Figure 6.2: Front and back side of the aneurysm from the CFD challenge geometry. Rupture site is located inside
the red square.
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(a) The Aneurysm dome of the CFD challenge geometry with a zoom on the jet that is directed
normal to the wall at the rupture site.

(b) The pressure distribution in the CFD challenge geometry during
the systole phase of the heartbeat.

Figure 6.3: Cause of low pressure in CFD challenge aneurysm.
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As a result of this saddle point in the flow, it is expected that during the systole phase, the
pressure is lower on this part of the wall. This phenomenon is not present during diastole.
This means that on this part of the wall not only the OSI is high, but the normal stress does
also oscillate. This could mean that the aneurysm wall at that point vibrates as a result of these
pressure differences. This could eventually lead to rupture due to fatigue of the wall tissue [50].
Therefore an extra criterion was added that shows the location with the 10 % lowest pressure
values. The way this phenomenon is calculated is given by (6.3).

Pw all > G · (Pw all ,max −Pw all ,mi n)+Pw all ,mi n (6.3)

Implementing this criterion leads to a rupture risk location image that is shown in Figure 6.4.
Only one location with a high rupture risk is present when pressure is included in the risk
analysis. That location is the actual rupture location.

(a) Front view (b) Back view

Figure 6.4: Front and back side of the aneurysm from the CFD challenge geometry with the rupture risk locations
derived from two and three criteria. Rupture site is located inside the red square.
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6.4. Reduced geometry aneurysm
The same rupture risk analysis has been done on the reduced geometry of the aneurysm ob-
tained from the AMC. The risk evaluation on one (OSI), two (OSI and WSSTA), and three cri-
teria is shown in Figure 6.5. Only one site is appointed as the possible rupture site by the
combination of the three criteria.

Figure 6.5: Rupture risk locations at the aneurysm from the AMC. In blue, the locations with a high OSI value are
shown, in green, the locations with a high OSI and low WSSTA value are shown, red shows the addition of the
pressure criterion.

The hemodynamic analysis has also been done on this geometry. Figure 6.6 shows the same
vortex structure as shown in the previous section. The location of this vortex structure coin-
cides with the proposed rupture risk location from Figure 6.5. None of the other vortex cores
show this behavior. The vortex structure causes a relatively low-pressure region in this geom-
etry as well, so that the use of pressure as a third criterion is justified.

6.5. Discussion
It is still a challenge to find a reliable criterion to assess the danger of an unruptured aneurysm.
Instead of depending the need for surgery on the size of the aneurysms, hemodynamic criteria
are investigated to study the risk of rupture. However, these two criteria that have been used
until now, OSI and WSSTA, do not always give the correct location of rupture. This seems
to coincide with the lack of links between the hemodynamic and biomechanic properties at
the aneurysm wall. In the present study, a third criterion is proposed to be added to the two
existing criteria. A vortex structure with a saddle point is found, with a resulting lower pressure
region at the wall. With this third criterion, the location of rupture of an aneurysm can be
predicted more accurately. It should be noted that the present hypothesis is based on two
numerical case studies. Of course, the hypothesis should be tested in a number of different
cases. Nevertheless, the hypothesis is appealing since it combines factors that are aligned
with a plausible failure mechanism of the aneurysm wall.
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Figure 6.6: The aneurysm dome of the reduced geometry geometry with a zoom on the jet that is directed normal
to the wall at the rupture site.
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Concluding remarks

In this research, CFD simulations for a healthy Circle of Willis (CoW) have been done to val-
idate the simulation model with MRI data. These validated models have been applied to a
CoW with an aneurysm to investigate the hemodynamics inside of an aneurysm. Addition-
ally, a simulation has been done on the geometry from the CFD challenge 2013 (Janiga et al.
[1], Berg et al. [2]), to find the rupture site inside an aneurysm and to evaluate the parame-
ters that are used to find that rupture site. These analyses have been performed on the AMC
aneurysm as well. From these studies, the following concluding remarks can be made.

The following research questions were formulated and their answers are given:

• Can a CFD simulation be used to mimic MRI velocity measurement data, and to what
extent is this possible?
The CFD model in the present study has successfully been used to mimic the MRI data
obtained for a patient-specific geometry of a healthy Circle of Willis.
Velocity values are in good agreement with the MRI data provided. This conclusion is in
agreement with the conclusions drawn by Perinajová [13]. For the WSS, the agreement
is good in terms of flow characteristics, both methods show similarities. The differences
can be attributed to the limited resolution of the MRI data, in comparison to CFD, that
shows up in the calculation of the WSS values in the MRI data due to gradients in the
velocity data.

• What effect do blood thinners have on velocity profiles and WSS values?
When blood thinners are present in the blood, this has a slight lowering effect on the
WSS values inside the CoW.
Due to the lower WSS the muscular fibers in the blood vessels are enforced to contract
more, due to a decreased release of NO. This might lead to wear of these muscles, and
thus enlarge the risk of aneurysms. This might be an interesting topic for research of a
more medical nature. Next to that lower WSS(TA) values is one of the criteria that have
a positive influence on the growth of aneurysms and their rupture [1, 2].

• What effect do inlet velocity profiles have on flow structure and WSS values in aneurysms?
The difference between a plug flow profile and a parabolic profile is negligible, as long
as the inlet is long enough for the flow to develop.
The inlet artery that leads towards the aneurysm causes the flow velocity profile to de-
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velop further, such that no difference can be seen between the profiles at the neck of the
aneurysm. The WSS values are similar in both cases as well. This conclusion agrees with
Berg and Beuing [24], who state that modeling the aneurysm without the full vasculature
still gives good agreement.

• Which parameters next to the Oscillatory Shear Index (OSI) and Wall Shear Stress Time-
Average (WSSTA) can be found as criteria for aneurysm rupture?
Next to OSI and WSSTA, which could be successfully extracted and visualized, vortex
structures at the wall in the systole phase that cause the flow to form a jet off the wall
in the normal direction could be another criterion to predict aneurysm rupture. This
phenomenon can be measured as a drop in pressure at the wall at the location of the
vortex structure.
With the OSI, WSSTA and pressure criteria combined, the correct location of the rupture
inside an aneurysm has been found. This means that the jet-like flow, that is produced
by the vortex during the systole phase, causes a pressure drop on the aneurysm wall in
such a way that a weakened part of the wall might rupture.

From the answers to these sub-questions the main research question can be answered. A
CFD model can be used to assess the hemodynamics in intracranial aneurysms and for two
aneurysm geometries it is possible to predict the possible rupture site in an aneurysm with
this model.



8
Recommendations

In this Chapter, several recommendations will be made for further research.

• Research on the influence of blood thinners on the formation of aneurysms. Statistical
data could be used to confirm that blood-thinners have an enlarging effect on the risk of
genesis and rupture of aneurysms.

• Further analyze whether a full CoW model is necessary to successfully simulate the flow
structure inside aneurysms:

– By including Wormersley flow as an inlet boundary condition in the reduced ge-
ometry of aneurysm.

– By extracting the velocity profile from the CoW simulation and implementing that
as an inlet boundary condition of the reduced geometry.

• Creating a UDF to visualize OSI and WSSTA results within CFD post-processing routines.
This could streamline the evaluation process of the simulations.

• Evaluate more aneurysms with known rupture sites to test the hypothesis that vortex
structures in combination with low pressure values are another criterion to predict the
rupture of aneurysms.

• Combine hemodynamic properties inside the aneurysm with mechanical information
about the aneurysm wall to investigate the both influences on aneurysm rupture. From
this an absolute criterion can be distilled for the parameters involved in aneurysm rup-
ture.

• Perform in-vitro experiments on a model of a CoW with an aneurysm to validate the CFD
simulations done in this study.
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A
Results

In this part of the appendix a selection of results images can be found that have been left out
of the main text.

A.1. CoW vs. MRI
Table A.1 shows the flow through several slices of the RMCA, measured by the 7T MRI scanner
from the AMC. The flow deviates up to 30 % from the median.

t = 0.000 s t = 0.658 s t = 0.940 s
Flow (ml/s) Deviation

from median
(%)

Flow (ml/s) Deviation
from median
(%)

Flow (ml/s) Deviation
from median
(%)

1.95 7.43 1.34 32.11 2.23 1.38
1.96 8.06 1.05 3.04 2.09 -4.88
1.71 -5.69 1.02 0.29 2.03 -7.54
1.82 0.60 0.93 -8.33 2.05 -6.97
1.68 -7.50 0.93 -8.79 1.98 -9.77
1.74 -4.23 0.96 -5.46 2.17 -1.38
1.89 4.50 1.00 -1.19 2.86 30.19
1.76 -2.97 1.14 12.32 2.61 18.71
1.80 -0.60 1.02 -0.11 2.58 17.33
1.83 1.10 1.02 0.11 2.50 13.82

Table A.1: Average y-velocity in 10 planes of RMCA multiplied with the amount of pixels per slice to simulate
mass flow (Fig. 4.2).
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t = 0.000 s t = 0.658 s t = 0.940 s
Flow (ml/s) Deviation

from median
(%)

Flow (ml/s) Deviation
from median
(%)

Flow (ml/s) Deviation
from median
(%)

0.92 14.04 0.47 14.04 1.45 14.04
0.88 8.77 0.45 8.77 1.38 8.77
0.84 3.51 0.43 3.51 1.32 3.51
0.81 0.00 0.41 0.00 1.27 0.00
0.77 -5.26 0.39 -5.26 1.20 -5.26
0.75 -7.02 0.38 -7.02 1.18 -7.02
0.79 -1.75 0.41 -1.75 1.25 -1.75

Table A.2: Average z-velocity in 7 planes of BA multiplied with the amount of pixels per slice to simulate mass
flow.

t = 0.000 s t = 0.658 s t = 0.940 s
Flow (ml/s) Deviation

from median
(%)

Flow (ml/s) Deviation
from median
(%)

Flow (ml/s) Deviation
from median
(%)

0.38 -29.61 0.26 -34.52 0.41 62.18
0.52 -3.90 0.34 -14.14 0.15 -39.60
0.50 -7.43 0.39 -0.35 0.28 10.79
0.56 2.52 0.38 -3.79 0.10 -60.07
0.48 -12.10 0.39 0.00 0.01 -97.43
0.54 0.00 0.43 8.56 0.25 0.00
0.63 15.32 0.44 12.10 0.23 -6.98
0.59 8.20 0.40 0.70 0.34 36.39
0.61 12.78 0.39 0.03 0.42 66.88

Table A.3: Average x-velocity in 9 planes of RPCoA multiplied with the amount of pixels per slice to simulate mass
flow.
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A.2. Mesh Sensitivity studies

A.2.1. Aneuysm reduced geometry

A mesh sensitivity study has been done for the CFD challenge aneurysm. In Table A.4 the
specifics of this study can be found.

Mesh Amount of cells Average WSSTA value
Coarse 800.000 3.2908 Pa
Fine 2.250.000 3.3114 Pa

Table A.4: Mesh sensitivity study, the difference between the two values is 0.6 %.

A.2.2. CFD challenge

A mesh sensitivity study has been done for the CFD challenge aneurysm. In Table A.5 the
specifics of this study can be found.

Mesh Amount of cells Average WSSTA value
Coarse 600.000 3.8691 Pa
Fine 1.800.000 3.8743 Pa

Table A.5: Mesh sensitivity study, the difference between the two values is 0.1 %.

A.3. AMC aneurysm results
The WSSTA and OSI values are shown in Figure A.1. The WSSTA value is scaled to a maximum
value of 1 Pa, so that the locations with a low WSS value are visible.
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(a) WSSTA aneurysm

(b) OSI aneurysm

(c) Pressure aneurysm

Figure A.1: WSSTA, OSI and pressure values for the aneurysm model



B
Matlab routines

B.1. MRI data visualization

%% Matlab script to visualize MRI data
% This script reads the 5D velocity vector (x, y, z, u, t)
% and plots the slices in the z-direction.
outputData = load('velocity.mat');

clear D
clear Dn
for i=1:3

D(:,:,i,:) = outputData.velocity(120:210,140:240,3:39,i,11);
end

Dn(:,:,1,:) = flip(sqrt(D(:,:,1,:).^2 +...
D(:,:,2,:).^2 +D(:,:,3,:).^2),2);

Dxyzv(:,:,:) = Dn(:,:,1,:);
Dxyzv(Dxyzv == 0) = NaN;
dim = size(Dxyzv);
x = 1:dim(1)';
y = 1:dim(2);
[x,y] = meshgrid(1:dim(1),1:dim(2));
z = double(isfinite(Dxyzv));
z(z == 0) = NaN;
hold all
for i = 1:4:dim(3)

h = surf(x',y',i*z(:,:,i),Dxyzv(:,:,i), 'FaceColor','interp');
set(h, 'edgecolor','none')
colormap('jet')

end

B.2. Rupture risk calculations

%% Rupture risk calculation for an aneurysm
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%specify which one
filename_prefix = 'challengeparab';
viewAn = [75 0];%255, 75
load(filename_prefix);

%% Isolate aneurysm
indexxy = intersect(find(A.data(:,3)<0.0106),find(A.data(:,4)<0.014));
percentage = 0.1;

%% Criteria
indexOSI = find(OSI > (1-percentage)*(max(OSI(indexxy))-min(OSI(indexxy)))...

+min(OSI(indexxy)));
indexWSSTA = find(WSSmagav < percentage*(max(WSSmagav(indexxy))-...
min(WSSmagav(indexxy)))+min(WSSmagav(indexxy)));
indexPressure = find(pressure(:,58) < percentage*(max(pressure(indexxy,58))-...

min(pressure(indexxy,58)))+min(pressure(indexxy,58)));

riskmatrix = zeros(length(OSI),1);
riskmatrix(indexOW) = riskmatrix(indexOW) + 2;
riskmatrix(indexOWP) = riskmatrix(indexOWP) + 1;
csvwrite('challengeparab.txt',[A.data(:,2) A.data(:,3) A.data(:,4) ...

riskmatrix OSI WSSmagav pressure(:,58)])



C
VMTK code

The code used for the smoothing and preparation of the geometry can be found below.

vmtksurfacereader -ifile H:/filename.stl --pipe vmtksurfacewriter
-ofile H:/filename.vtp

vmtksurfaceviewer -ifile H:/filename.vtp
vmtksurfacesmoothing -ifile H:/filename.vtp -passband 0.45 -iterations

100 -boundarysmoothing 0 --pipe vmtksurfacesubdivision -method
triangle -ofile H:/filename_s.vtp

vmtksurfaceviewer -ifile H:/filename_s.vtp
vmtksurfaceclipper -ifile H:/filename_s.vtp -ofile

H:/filename_sc.vtp
vmtksurfacereader -ifile H:/filename_sc.vtp --pipe vmtkcenterlines

-seedselector openprofiles --pipe vmtksurfacewriter -ofile
H:/filename_scc.vtp

vmtksurfacereader -ifile H:/filename_scc.vtp --pipe
vmtkflowextensions -adaptivelength 0 -extensionmode boundarynormal
-interactive 0 -boundarypoints 50 -transitionratio 0.8 -sigma 0.1
-extensionlength 3 -extensionratio 10 --pipe vmtksurfacecapper
-method centerpoint -interactive 0 --pipe vmtksurfacewriter
-ofile H:/filename_scce.vtp

vmtksurfaceviewer -ifile H:/filename_scce.vtp
vmtksurfacereader -ifile H:/filename_scce.vtp --pipe vmtksurfacewriter

-ofile H:/filename_scce.stl
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D
Running simulations on the cluster

The transition of producing results from simulations in a GUI on a computer to producing
them on the cluster is a process that is not too straight forward. This Chapter will function as
a step-by-step guide of this transition.

First, assuming that a working simulation has run on the computer, a case file (.cas.gz) has
to be saved. This is the file that will be sent to the cluster to perform the simulation from. In
this case file the main settings will remain the same, but a few have to be redefined in a journal
file (.jou).

The journal file uses the same commands as the Text User Interface (TUI) does in Fluent. This
mode can be activated by typing ‘Enter’ in the text screen on the bottom right. In the journal
file, all dialog prompts are written down and separated by spaces. Before uploading a journal
file, always make sure that the file works on your own computer, by either reading the file as a
whole from the File>Read...>Journal menu, or by copying the lines in the TUI.

The journal file starts with the command to start a transcript and a line to enable Fluent to run
in batch mode:

/file/start-transcript "cyviscosityon.trn" ok
/file/set-batch-options , yes ,

After these lines, the case file is loaded, together with the UDFs that have to be interpreted.

/file/read-case/ "filename.cas.gz" ok
/define/user-defined/interpreted-functions "UDF.c" "cpp" 10000 no

All settings affected by the UDF have to be defined in the journal file. This means that for every
boundary the UDF boundary conditions have to be set, as well as for the initial conditions. In
this study, this looks like this:

/define/boundary-conditions/pressure-outlet outlet_rsca yes no 0 no
yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1

/define/boundary-conditions/pressure-outlet outlet_lsca yes no 0 no
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yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1
/define/boundary-conditions/pressure-outlet outlet_raca yes no 0 no

yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1
/define/boundary-conditions/pressure-outlet outlet_laca yes no 0 no

yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1
/define/boundary-conditions/pressure-outlet outlet_rmca yes no 0 no

yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1
/define/boundary-conditions/pressure-outlet outlet_lmca yes no 0 no

yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1
/define/boundary-conditions/pressure-outlet outlet_rpca yes no 0 no

yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1
/define/boundary-conditions/pressure-outlet outlet_lpca yes no 0 no

yes no no yes yes yes "udf" "TargMassFlowOut" no 5000000 no 1
/define/boundary-conditions/velocity-inlet inlet_ba no no yes yes

yes yes "udf" "ParabProfileTrans_BA" no 0
/define/boundary-conditions/velocity-inlet inlet_lica no no yes yes

yes yes "udf" "ParabProfileTrans_LICA" no 0
/define/boundary-conditions/velocity-inlet inlet_rica no no yes yes

yes yes "udf" "ParabProfileTrans_RICA" no 0
/define/materials/change-create blood blood no no no yes user-defined

"cy_viscosity" no no no

When the UDFs are loaded, the solution has to be initialized, in this case with a hybrid ini-
tialization. Next to that, the frequency and contents of the automatically saved data file are
prescribed. When a data file (.dat/.dat.gz) is available from former time steps or simu-
lations, the line with the hybrid initialization can be put in comment mode by putting a ; in
front. When a data file is loaded, all transient simulations will start from the time step provided
in this data file.

;/solve/initialize/hyb-initialization ok
/file/read-data/ "filename-timestep.dat.gz"
/file/auto-save/data-frequency 10
/file/data-file-options y x-velocity y-velocity z-velocity

velocity-magnitude x-wall-shear y-wall-shear z-wall-shear
wall-shear x-vorticity y-vorticity z-vorticity vorticity-mag
strain-rate-mag pressure dynamic-pressure absolute-pressure

At last, the size of the time step, the number of iterations per time step and the number of
time steps have to be set, as well as the command to save the case file when the simulation is
finished. Then the procedure can be finished with the exit command.

/solve/set/time-step 0.001
/solve/dual-time-iterate 290 100
wcd cyviscosityon.cas.gz ok
exit ok

The journal file is called by the bash file (.sh), which provides more top-level information
to the cluster. This file contains the number of cores and nodes that have to be used for the
simulation, the version of Fluent, etc.

More information on writing journal files and the TUI can be find on several (CFD) fora online,
this guide should help to get up to speed, but more specific information can best be searched
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for when needed.
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