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Abstract

A cerebral aneurysm is a vascular disease causing the structure of arteries to weaken and over
time to bulge outward. Rupture of such aneurysms cause intracranial bleeding that can be fatal
or significantly impact the patient’s life quality. This report investigates the initiation, growth
and rupture of cerebral aneurysms. The objective of this thesis is to analyse the biological
connection between cerebral aneurysms and the associated blood flow characteristics. By using
MRI pictures from a healthy individual’s brain, a geometry construction made in MATLAB is
used for simulation of the blood flow in arteries using computational fluid dynamics (CFD). The
simulations focus on the velocity of the blood flow and the shear stress, and how they vary with
different blood models, Newtonian and non-Newtonian, and with and without the presence of
an artificial aneurysm.

The results show that areas more prone to develop aneurysms show higher values of shear stress
supporting the connection between high wall shear stress and aneurysm initiation. The results
also indicate that the presence of an aneurysm affects the fluid dynamics, whose characteristics
depend on whether the simulations are based on the Newtonian or non-Newtonian model. In the
search of regions at risk for aneurysm initiation, it is suggested that the non-Newtonian model
is more preferable in particular due to the ability to include the shear thinning effect.



Sammanfattning

Cerebrala artärbr̊ack (aneurysm) är en kärlsjukdom som försvagar artärens struktur och med
tiden gör att den buktar ut. En bristning av ett artärbr̊ack i hjärnan leder till hjärnblödning
som kan vara rent dödligt eller resultera i omfattande skador. Den här rapporten undersöker ini-
tiering, utväxt och bristning av cerebrala artärbr̊ack. Syftet med uppsatsen är att analysera den
biologiska kopplingen mellan cerebrala artärbr̊ack och dess karaktäristiska blodflöden. Genom
att använda magnetröntgenbilder fr̊an en frisk patients hjärna rekonstrueras en tredimensionell
geometri i MATLAB som används för att simulera blodflödet i artärter med hjälp av beräkn-
ingsströmningsdynamik (CFD). Simuleringarna fokuserar p̊a flödeshastigheten i artärerna, skju-
vspänningen, implementeringen av tv̊a olika modeller för blodet, Newtonsk och icke-Newtonsk
och med och utan en artificiellt konstruerad aneurysm.

Resultaten visar att omr̊aden som är mer sannolika att utveckla aneurysmer har högre skju-
vspänning p̊a artärväggen, vilket överrensstämmer med teorin om kopplingen mellan initiering
av aneurysm och hög skjuvspänning p̊a artärväggen. Resultaten indikerar ocks̊a att närvaron
av en aneruysm p̊averkar flödesdynamiken och omfattningen p̊a det beror p̊a om simuleringarna
utfördes med Newtonsk eller icke-Newtonsk modell. Vid eftersökning av omr̊aden som har högre
risk att utveckla aneurysmer föresl̊as användning av den icke-Newtonska modellen eftersom den
tar hänsyn till skjuvförtunningsfenomenet.
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Nomenclature

Abbreviations

CA Cerebral aneurysm

CFD Computational Fluid Dynamics

CoW Circle of Willis

HB-P Herschel-Bulkley Papanastasiou

HBM Herschel-Bulkley model

LBE Lattice Boltzmann Equation

LBM Lattice Boltzmann method

NO Nitric Oxide

NS Navier Stokes

OSI Oscillatory Shear Index

PDF Probability Distribution Function

RBC Red Blood Cell

SAH Subarachnoid hemorrhage

WSS Wall Shear Stress

Fluid Dynamic Units

Bn∗ Bingham number

C∗ Dimensionless consistency (−)

k Flow consistency index (Nsn/m2)

lc Characterisctic length (m)

M∗ Dimensionless stress growth exponent (−)

n Flow index (−)

vc Characteristic velocity (m/s)

u Velocity (m/s)

Greek

γ̇ Shear rate (s−1)

γ̇∗ Dimensionless shear rate (−)

η Apparent viscosity (Ns/m2)



η∗ Dimensionless apparent viscosity (−)

µ Viscosity (Pa · s)

µc Characteristic viscosity (Pa · s)

ρ Density (kg/m3)

τ Shear stress (Pa)

τ0 Yield shear stress (Nsn/m2)

vc Characteristic velocity (m/s)

τ∗mag,av Dimensionless magnitude of shear stress (−)



1 Introduction

Stroke is one of the leading causes of death every year, where globally 1 in 4 people over age
of 25 have a stroke in their lifetime [1]. In Sweden alone it is the third most common cause of
death, costing the country 18 billion SEK each year [2]. The location and severity of the stroke
amongst other factors play a big role in how the life quality of the patient is affected. Many
may suffer from long term disability and will have to spend the rest of their lives dealing with
various cognitive impairments [3] [4].

Stroke is a common term for oxygen deprivation in the brain caused by intracranial vascular
diseases, one of which is called Subarachnoid haemorrhage (SAH). In general hemorrhagic strokes
are categorized under strokes where a blood vessel ruptures, leaking blood into the space between
the skull and the brain, increasing the intracranial pressure [5]. The most common non-traumatic
cause of SAH is the rupture of a brain aneurysm, also called a cerebral aneurysm (CA) [6].

This thesis aims to shed light on cerebral aneurysm, its initiation, growth and ultimately rupture.
The goal is to provide the reader with a background about the role of blood flow conditions in
aneurysm pathogenesis and discuss the underlying mechanical processes. The geometry in focus
is the circle of Willis (CoW), which is the main part of the cerebral vascular system that is
most susceptible to aneurysm formation [7]. The CoW is a junction of arteries that connects the
anterior and posterior blood circulations [8]. Cerebral arteries possess some structural differences
as opposed to other types of arteries. Together with many diverging arteries (bifurcations) and
structural contortions, they are more vulnerable to local malformation of the blood vessel wall
resulting from abnormal blood flow conditions than other blood vessels [7].

1.1 Purpose, scope and objective of study

The field of Computational fluid dynamics (CFD) has since long provided an alternative way
of researching cerebral aneurysms. The regulatory effects from mechanical stress on the arterial
wall due to blood flow has already been shown in previous studies to be strongly correlated with
aneurysm formation, growth and rupture. In silico methods such as this provide a less intrusive
alternative to not only research, but also evaluate cerebral aneurysms in clinical settings. This
thesis could contribute to this field by further consolidating the use of CFD methods, and help
towards a more personalised evaluation of patients with such aneurysms. Unlike many other
similar studies that include only simplified geometries in their simulations, we have used detailed
geometries from MRI.

The theoretical framework is presented by approaching this topic from a biomechanical and
fluid dynamics standpoint, and by briefly summarizing the current state of research in this
field. Thereafter utilizing this information we conduct a simulation-based study focusing on the
shear stress exerted on the arterial wall as a possible discriminator for aneurysm pathology. We
show that by reconstructing blood vessels from MRI and by performing numerical simulations
via CFD it is possible to realistically describe the complex interaction between the geometrical
features of the blood vessels in the CoW. In particular, it is possible to measure the WSS. The
implication of two different blood models, Newtonian and non-Newtonian, is also discussed.

The results of the simulations contain data on the average blood flow velocities, and the aver-
age magnitude of the shear stress in a single segment of artery from the CoW. In this study
the geometries are reconstructed from a healthy patient, using MATLAB to reconstruct the
open-source MRI taken from the entire brain. The aneurysm will be added artificially. It is ex-
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pected that the flow characteristics will be different in regards to with and without constructed
aneurysm. The results will also depend on how the blood itself is modelled, as a Newtonian or
non-Newtonian fluid.

The overall objective of this thesis is to analyse the connection between cerebral aneurysms and
the associated blood flow characteristics. A simulation-based study is conducted based on the
Lattice Boltzmann methodology in collaboration with MMSX20-21-81. They are investigating
the hemodynamics of aneurysms in-depth and validate different (CFD) models in order to choose
the most suitable one for this project. They provide the simulation results while this thesis
focuses on interpreting the data from a biological standpoint, showcasing how the biomechanical
responses behind this vascular disease are connected to the dynamic behaviour of blood flow.
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2 Properties of Blood

Blood is the fluid in the body that connects every single cell, tissue and organ and is transported
through the vascular system. The main components of blood are plasma and cells. The blood
volume is 55% plasma which contains 92% water and the rest consists of proteins, ions and small
molecules [9]. The cellular elements can be divided into red blood cells (RBCs), white blood
cells and platelets. RBCs are the main cellular component of blood and the volume fraction is
45%, they are made of the protein hemoglobin that carries oxygen. White blood cells defend
the body against infection and disease. The platelets adhere to the endothelium (the innermost
layer of the vessel wall) when injury in the blood vessel wall occurs, and initiate the coagulation
process. Other substances transported within the blood are waste products, oxygen, antibodies
and chemical messengers such as hormones and proteins. [10]

Blood flow is determined by the pulsating pressure from the heart, the individual flow and
mechanical properties of blood and the structure and mechanical properties of blood vessels.
Blood flow is pulsatile and can be divided into systolic and diastolic phase. The systolic phase
is when the heart pumps out blood and the pressure increases in the outgoing vessels due to
contraction of the heart muscle. During the diastolic phase the heart relaxes to refill with
blood and the pressure decreases. By measuring the pressure over several complete cycles,
the blood pressure can be approximated by a sinusoid. In order to effectively model blood
flow, specific assumptions are needed. Although blood is pulsatile, studies have shown that
when using population-wide assumptions about the inlet and outlet conditions and material
properties, steady flow simulations may substitute pulsatile flow simulations [11]. Under normal
circumstances the blood maintains a constant volume, which makes the heart rate proportional
to the velocity of blood in the body. When the heart rate increases, so does the velocity, which
affects the turbulence and viscosity of the flow. [12]

The viscosity of blood depends on the internal friction between the flow elements and the effects
of the suspended particles in the blood. Hematocrit, the volume percentage of RBCs in the blood,
also affect the blood viscosity, especially in smaller vessels. Blood viscosity is often approximated
0.035 Pa·s in larger arteries but the viscosity can be higher in vessels with lower shear rates [13].
The value of the viscosity of blood also depends on whether blood is considered a Newtonian
or non-Newtonian fluid. When the viscosity increases, more force is required from the heart to
maintain the same flow conditions. On the contrary, when the internal friction decreases, the
ability of blood to clot will decrease which is a risk when blood vessels are damaged [14].

A Newtonian fluid has a constant viscosity independent of the pressure applied, in contrast to a
non-Newtonian fluid that varies. Blood is classified as a non-Newtonian fluid since it varies with
the stress. The non-Newtonian characteristics are particularly influential in smaller vessels at
low shear stress rates. Another non-Newtonian characteristic in blood is shear-thinning, which
implies that the liquids viscosity decreases as stress increases. This is due to RBCs movement in
the circulatory system. RBCs have a biconcave shape, similar to a disk, and have high surface
area. At lower shear rates RBCs spin around their axis and maintain their original shape,
they also have a tendency to aggregate together, often in the form of rouleaux structures [15].
Increasing shear stress leads to more deformation of the RBCs and the rotation around their axis
decreases. When the RBCs constitute a smaller volume of the flow, they elongate into ellipsoids
and align with the flow, and the viscosity decreases. Figure 1 shows the movement of RBCs in
lower shear stress to the left and higher to the right [16]. In case of flow through larger vessels
and when the shear rate is above 100 s−1, blood can be approximated as Newtonian [17].
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Figure 1: The so called Rouleaux formation, caused by non-Newtonian behaviour of blood (on
the left) and the line up during high shear stress (on the right). (Authors’ own image)

2.1 Computational Fluid Dynamics of blood

Hemodynamics is the science of blood flow and the mechanics of blood. It clarifies the physical
laws that direct the bloodstream within the blood vessels and is therefore a significant element
of vascular mechanics and engineering [18]. Blood is a complex fluid, given the growing compu-
tational power, the complex fluid dynamics principle describing blood flow and hemodynamics
can nowadays be solved at a reasonable time cost, making this research field very appealing.
This following section will introduce the concept of fluid dynamics, and how it can be applied
in hemodynamics.

Studying the fluid dynamics enables the possibility to determine a fluid’s impact on different
materials (and vice versa), and the velocity of the fluid flow. Fluid parameters are beneficial to
identify in a broad spectrum of industries, including evaluating hemodynamics. Fluid dynamic
problems are based on mathematical equations solving the three laws of conservation, conser-
vation of mass, conservation of momentum, and conservation of energy. These mathematical
equations cannot always be easily solved analytically in the case of hemodynamics, and therefore
a numerical approach must be used. CFD enables solutions to fluid-dynamic problems.

CFD is utilized to solve, analyze and predict fluid flows by using mathematical modeling and
numerical methods. There are different possible CFD tools that can be used, the more traditional
finite methods and the more recently developed Lattice Boltzmann method (LBM) to name a
few. The more traditional methods have been to discretize the Navier–Stokes (NS) equations in
a macroscopic continuum. NS equation is a partial differential equation describing the flow of
incompressible fluids [19], see equation 1

ρ
D~v

Dt
= ρ

(
∂~v

∂t
+ ~v · ∇~v

)
= ρ~g −∇P + µ∇2~v (1)

were ρ is the density, µ is the viscocity, v is the velocity, g is the gravity constant, t is the time
and P is the pressure.

Discretization of the NS equations can be done using different finite methods such as finite
difference, finite volume, or finite element methods. The main concept of these methods is to
represent the continuous NS equations in a discrete form. Discretization of the NS equations is
done by subdividing the domain into cells or elements, expressing the NS equations in discrete
form at each point, and solving them using finite methods mentioned above [20]. Using NS
equations therefore enables describing the fluid in terms of macroscopic properties, such as
velocity and pressure and it allows for modelling of complex geometries.

The LBM is a more recently developed CFD tool. Instead of solving discretised NS equations
directly obtaining macroscopic variables. LBM solves discretizations of the Boltzmann equation,
so called Lattice Boltzmann’s equations (LBE), considering a collection of particles as a unit,
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therefore treating the fluid on a mesoscopic scale (in between micro- and macro scale) [21].In
order to use the LBM, the discretised LBE is applied along certain vectors (linkages) inside
a lattice. These linkages represent the possible paths of a particles collision and movement.
Different amounts of linkages and dimensions of lattices can be chosen as the most suitable
option for different occasions. The different lattice arrangements are denoted as: DXQY, where
X represents the number of dimensions of the lattice, and Y represents the number of linkages
(see figure 2).

Figure 2: Lattice arrangement with 3 dimensions and 19 linkages (one in the middle included),
i.e lattice arrangement D3Q19.

The LBM calculates collision and propagation of the particle’s probability distribution function
(PDF), solving the Boltzmann equation for particles at each grid point [22]. Macroscopic vari-
ables are computed as momentum of the distribution functions, therefore the LBM considers the
microscopic dynamics of fluid, while still enabling evaluations of macroscopic fluid dynamics.
The LBM approach is a promising solution when dealing with complex flows and geometries
because of its inherent computational efficiency [23] [24].

2.2 Hemodynamic discriminators

The following section will define a few hemodynamic discriminators linked to the initiation,
growth, and rupture of CA that can be obtained using CFD.

Wall Shear Stress
The Encyclopaedia Britannica defines shear stress as ”The force tending to cause deformation
of a material by slippage along a plane or planes parallel to the imposed stress”, therefore the
Wall Shear Stress (WSS) is the force exerted by the fluid on the surface of a wall. In the case
of hemodynamics, the imposed stress is caused by the blood flow, and the surface causing the
deformation of the fluid is the inside of the blood vessels (endothelium). For Newtonian fluids
the shear stress is proportional to the derivative of the velocity according to Newton’s law of
viscosity:

τ = µ
dv

dy
(2)
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where τ represents the shear stress, and µ the viscosity of the fluid. Non-Newtonian fluids
on the other hand, behave differently [25]. The shear stress for a non-Newtonian fluid can be
expressed by different models, such as the Herschel-Bulkley model (HBM), that combines the
shear thinning effect, and thickening properties. This enables the modelling of yield stress with
viscosity depending on shear rate, see equation 3

τ = kγ̇n + τ0 (3)

where n is the flow index, k is the consistency index, γ̇ is the shear rate, γ̇ and τ0 is the yield shear
stress. Another model that can be used is an extended version of HBM, the Herschel-Bulkley
Papanastasiou (HB-P) equation

τ = kγ̇n + τ0

(
1− e−m|γ̇|

)
(4)

where m is the stress growth exponent. This equation is very suitable for simulation of blood
since it not only combines shear thinning and thickening properties like the HBM, it also applies
in both the unyielded and yielded regions of the blood, and according to our cooperating group,
MMSX20-21-81, the HB-P is sufficient enough to use in the simulations [26].

Oscillatory Shear Index
OSI is a dimensionless measure of changes in direction of shear forces on the vessel wall during
the cardiac cycle [27], it provides information on whether or not the WSS vector is aligned with
the time averaged WSS vector throughout the cardiac cycle . The OSI can be calculated using
the following equation

OSI =
1

2
·

1−

∣∣∣∫ T0 ~τdt
∣∣∣∫ T

0 |~τ | dt

 (5)

where ~τ represents the WSS vector and T represents the time period of the cardiac cycle.

In the present thesis we do not measure the OSI, but we recognise that it may play an important
role in the growth and rupture of aneurysms.

2.3 CFD and hemodynamics

Investigating the risk of rupture of an aneurysm is important since treatments used today, such as
surgical clipping and implementation can increase the risks of bleeding, stroke, and vessel spasm
and therefore want to be avoided [28] [29]. CFD technology provides measurements of various
hemodynamic parameters, once certain correlations between the hemodynamic parameters and
aneurysm rupture have been identified, minimally invasive risk assessments of aneurysms can
be made. CFD is based on calculations, meaning it is also possible to predict flow for certain
geometries that not yet exist. Surgical treatment results in a change of geometry, therefore CFD
provides the ability of studying the risks of certain surgeries before they have been done [30].
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3 Theory of Cerebral Aneurysms

A cerebral aneurysm (CA) or simply brain aneurysm, is a vascular disease causing the structure
of mainly arteries to weaken and over time to bulge outward. There are two distinct shapes of
CA, fusiform and saccular (see figure 3). In the CoW, the saccular shape is the most common
type of aneurysm. The two shapes have different pathological processes and are medically treated
differently [31]. For the remainder of this section and upcoming sections, the focus will only be
on saccular aneurysms.

Although life threatening when ruptured, the majority of brain aneurysms remain dormant.
About 2 % of the general population carry some form of unruptured brain aneurysms that have
low risks of bursting. However, the SAH stands for more than 5 % of all stroke cases, with a
mortality rate of somewhere between 30-40 %. Up to 70 % of those who survive will suffer from
serious short-term cognitive impairments while 59 % of those never fully recover. It is clear that
once a brain aneurysm ruptures, devastating consequences will follow that significantly impacts
the patient’s life quality [32] [33].

Figure 3: Two types of aneurysms. One sticking out from one side of the artery with a neck
and dome called saccular (left) and one uniformly bulged on all sides called fusiform (right).
(Authors’ own image)

There has been attempts at forming generalized rupture risk assessment protocols [34], [35],
[27], [36], [37], [38]. Rupture risk can depend on many factors, everything from hemodynamics
of the aneurysm, its size and location, genetic and environmental factors, irregularities of the
aneurysmal vessel and so on [31]. From a pure size perspective, saccular aneurysms with diam-
eters less than 3 mm have a low risk of rupturing, while the risk increases more significantly for
diameters bigger than 7 mm. For diameters between 3-7 mm the risk assessment becomes less
precise, requiring more parameters to be factored in and the evaluation needs to become more
personalised [33] [31]. Mechanism of aneurysm initiation, growth and rupture are still not com-
pletely understood to this date [39] [40]. There are numerous studies with different approaches,
mainly in silico and in vivo using a variety of models and measuring methods that consequently
has led to contradictory results on how the flow environment triggers the CA pathogenesis [36].
In the upcoming sections, we will present the most well-known theories linked to different stages
of CA pathophysiology [32] [33].

3.1 Structure of Cerebral arteries

The artery wall consists of three main layers, see figure 4. The outermost layer is called the
tunica externa and consist of connective tissue which helps the artery to attach to surrounding
tissue in the body. The middle layer is called the tunica media and mainly consist of smooth
muscle cells. Smooth muscle cells are used by the nervous system to control functions such as
food digestion in the stomach or in this case, blood pressure in the arteries. Lastly, the inner-

7



most layer which is called the tunica intima. It consists of endothelial cells and the internal
elastic lamina.

Figure 4: The anatomy of the arterial wall [41]. CC-BY.

Endothelial cells are a cell type that covers all kinds of organs and structures within the body
[42]. The internal elastic lamina is a boundary sheet that separates tunica intima from tunica
media. It is more developed in cerebral arteries which instead lack the external elastic lamina
that is a part of the outermost layer in other systemic arteries [43]. These features place the
cerebral arteries at a higher risk of developing aneurysms [44]. This innermost layer of the
artery wall has shown to play an important role in the development of aneurysms. Damage or
injury to the innermost layers is the first step in the formation of aneurysms [45]. In the next
section, we are going to explain the mechanisms behind the dysfunction of endothelial cells and
the initiation of aneurysms.

3.2 Aneurysm initiation

Examples of risk factors for developing aneurysms include alcohol consumption, hypertension
and smoking. These factors contribute to the generation of reactive oxygen species, causing
oxidative stress. This damages the endothelial layer by making it more permeable, i.e easier for
molecules in the vessel to pass through the wall. Toxic chemical reactions in combination with
hemodynamic forces can lead to the development of aneurysms.

Since there is a constant pulsating blood flow in the vascular system there has to be a balance
between the hemodynamic force and the vessel wall to not cause any dysfunctions. When artery
walls are exposed to abnormal hemodynamic stress, several studies show that it can in some
cases cause dysfunctions of the endothelial cells [45] [46]. The force of WSS acting on a healthy
aorta can range between 1 and 2 Pa. In smaller arteries like in cerebral arteries the value
increases marginally, an effect of smaller diameters [45] [47].

The WSS has also shown to increase around artery bifurcations and vessel bends due to the
development of increased flow velocity in these locations. These areas are thereby more vulner-
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able to endothelial dysfunction [48]. Further, studies have found that these artery wall areas
are uneven in structure, and thereby more prone to endothelial dysfunction which further could
explain why the initiation of CA mainly occurs in artery bifurcations and bends [49].

When cells are exposed to hemodynamic stress they try to balance this with several linked
reactions. For instance, a hazardous nitric oxide (NO) synthase activity occurs. High shear stress
leads to an increase of synthesized NO. Among several things NO prevents smooth muscles from
tightening and mediators, that cause inflammation. With the help of NO, the smooth muscles
inside the artery relax and the vessel expands. This process lowers the WSS and prevents injuries
to the vessel wall. Although in abnormal conditions when the artery already has suffered from
some sort of disruption a dramatically increase of NO take place which is toxic to the cell
wall [45]. These disruptions could be as earlier mentioned in the section, caused by smoking
or hypertension. Estrogen is a hormone that also helps to upregulate the synthesis of NO to
protect the vessel wall. In the case of estrogen imbalance, the same process as described above
could occur.

The endothelial cells are bound together by junctions. Previous studies have shown that in the
early stages of aneurysm initiation morphological changes of these junctions occur in arterial
bifurcations. This leads to a gap formation in between the cells that allows leukocytes (white
blood cells) to migrate in between the gaps. The result of this process in the long run is an
outward bulging of the arterial wall, i.e an aneurysm is formed [45].

Another theory for the initiation of aneurysms is energy loss. Energy loss as a biomechanical
parameter describes how much energy is absorbed by the artery during the cardiac cycle. During
systole the artery expands, storing energy and shrink backs to normal size during diastole
returning this energy to the blood. There is a link between this parameter and the imbalances
in elastin and collagen composition on the artery. Once the energy dissipation becomes greater
than normal, the blood vessel could undergo wall remodelling which initiates aneurysms [50].

3.3 Aneurysm growth & rupture

Data regarding aneurysm growth and rupture has a high degree of variation and suffers from
small studies with different modalities [30], [31], [39], [51], [52]. The lack of consensus originates
from a lack of standardization of procedures, e.g. the method of processing the input values and
simulations varies highly between research centres. Incorrect annotations for different hemody-
namical parameters, lack of discrete definitions and the choice of different models all complicate
statistical analysis and interconnection between various studies in the field. Here we present
a brief overview of biological and hemodynamic factors that may be used to assess aneurysm
growth and rupture risk.

So far the association between hemodynamic factors and the biological response is limited to
in vivo and in vitro studies which limit the clinical application on humans but offer useful
insight on how the physiological responses work and how it reacts to medication [51]. Rupture
discriminators can be divided into two groups, geometry and flow dynamics. The discriminators
and risk factors, which are similar between the growth phase and rupture of aneurysms, are here
presented and discussed.
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3.3.1 Aneurysm growth

To begin with aneurysm growth, studies have found that complex intrasaccular flow patterns
sustained an environment important for aneurysm growth [53]. The following discriminators
were found to be statistically significant

• Shear rate ratio (average aneurysm shear rate, a measure of the deformation of the fluid
elements, divided by the average shear rate of the parent artery).

• Vorticity ratio (ratio of the average aneurysm vorticity, a measure of the rotational velocity
of fluid elements, over the average artery vorticity).

• Viscous dissipation ratio (amount of viscous energy dissipation in the aneurysm with re-
spect to that in the parent artery).

• Shear concentration index (degree of concentration of the WSS distribution).

The environment predisposing aneurysm growth could be explained by the complex intrasac-
cular flow patterns resulting from concentrated inflow streams. This complex pattern induces
nonuniform WSS distributions with areas of concentrated high WSS and large areas of low
WSS. Other studies suggest categorizing aneurysm growth into focal and global types and then
measure the discriminators such as WSS [52]. For focal types (formation of blister or daughter
aneurysm on the original aneurysm) high local OSI and low WSS was observed while high WSS
and larger WSS gradient affected global aneurysm growth [54] [55].

3.3.2 Aneurysm rupture

In general factors such as aneurysm diameter, location, surface area, shape irregularity and
aspect ratio (the quotient between perpendicular aneurysm height and neck diameter) are among
the geometric factors that played a significant role in study of ruptured aneurysms [56]. On the
other hand, there is WSS, OSI, low shear area, relative residence time (how long the blood
remains near vessel wall, calculated from WSS and OSI) etc as flow dynamic factors. Several
studies have suggested low WSS to be a contributing factor to aneurysm rupture [51], [57], [58],
[59]. By simulating multiple aneurysms in the anterior and posterior part of CoW, Berg and
Beuing found that low WSS, high oscillatory stress and unstable flow were present in ruptured
aneurysms.

Inflammation plays an important role in aneurysm growth and rupture, supported by observation
of the positive effects of taking the anti-inflammatory medicine aspirin [60]. The low WSS values
have been shown to trigger a process called leukocyte extravasation, which is the recruitment of
white blood cells from the blood stream into the endothelium of vessels triggering inflammation.
Overall the integrity of blood vessel structure in presence of an aneurysm seems to be greatly
impaired by chronically low WSS [59].

Small thin-walled aneurysms have different discriminators than large and atherosclerotic aneurysms
[39]. The former associated with high WSS where mural cells (important for vascular develop-
ment and stability) activate proteases causing significant damage to the internal elastic lamina.
This ultimately leads to bulging of the vessel that ruptures due to high WSS and inflow ve-
locities. Low WSS on the other hand as explained earlier activates cell-mediated inflammation
affecting larger aneurysms where the blood normally has a high relative residence time.
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3.4 Circle of Willis

The majority of CA are found in the circle of Willis, named after the physician Thomas Willis
due to his many contributions to neuroanatomy [61]. Through CoW the anterior and posterior
blood circulation is connected in such a way that in cases of vascular malfunctions other arteries
in the area can take over and compensate for the compromised flow [62]. See figure 5 for
a general illustration of the vascular anatomy of the brain. In should be noted the human
population exhibit a variety of anatomical differences of CoW, thus this anatomical model is
a generalisation of this vascular system. The following sections will provide the framework
regarding the selection of geometries used in blood flow simulations.

Figure 5: Anatomy of the human cerebral vascular system. At the base of the brain sits the
area called circle of Willis, viewed from the front (anterior) of the head. (Authors’ own image)

3.4.1 Anatomy and variations

Situated at the base of the brain, CoW is a circular bridge composed of various arteries. Divided
into two main parts, the top part includes the interior blood circulation while the lower half
makes up the posterior part of the circulation situated near the stem of the brain, see figure 6.
The internal carotid arteries are responsible for blood supply to the frontal lobes, parietal lobes
and lateral temporal lobes. Meanwhile, the vertebral arteries supply the brainstem, cerebellum,
occipital lobes and medial temporal lobes. The posterior communicating artery connects the
middle cerebral artery with the posterior cerebral artery [63]. It is in this artery that 15-25 %
of all brain aneurysms have been found, all of which are more prone to rupture compared to
other locations [64]. The ability of CoW to reroute the blood flow in case of damaged arteries
varies from person to person due to anatomical variations. It may also play an important role
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in rupture of aneurysms [65] [66]. The two most vital arteries in this rerouting mechanism
are the anterior communicating artery and posterior communicating artery although secondary
pathways exist if these arteries are compromised [64]. Studies ranging between 500+ and 50+
number of patients have been conducted that support the vast anatomical differences and their
connection to cerebrovascular diseases [67], [68], [69]. For the sake of simplicity, only one such
work has been included here that presents a comprehensive overview. It is backed by both
literature research and examination of computed tomography angiography (CT angiography)
pictures done by Bruno Coulier. See figure 7 for common segments that are missing or are
malformed in the general population. Coulier observed a general trend of a lower percentage of
complete CoW structure in patients suffering from cerebrovascular diseases [67]. The following
section will address the correlation between anatomical differences of CoW and CA rupture.

Figure 6: A detailed anatomy of the CoW together with names of different segments. Source:
Authors’ own image
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Figure 7: Only 6 % had robust CoW configuration according to the study by Bruno Coulier.
The illustrated segments above are the common places which malformations can occur.
Source: Authors’ own image

3.4.2 Connection with Aneurysm rupture

As discussed in previous sections, elevated or very low WSS are the two main hemodynamic
factors that contribute to aneurysm formation, growth and rupture. These are the forces behind
vessel wall dysfunction giving rise to cascades of biomechanical responses, chemical reactions and
ultimately remodelling of the arterial wall structures. One way abnormal pressure distribution
can come to exist is the asymmetry in CoW, causing asymmetric flow distribution. Thus, paths
of higher blood pressure in certain arteries can occur more than others [70] [65]. A study done by
Xu et al. demonstrated that one cause of elevated levels of WSS was connected to an anatomical
variation of CoW, namely the fetal-type posterior cerebral artery [64]. Normally blood flows into
the posterior communicating artery from the posterior cerebral artery. The inchoate section of
the posterior cerebral artery (the P1 section in figure 6) caused the blood flow to be redirected
and supplied from the internal carotid artery instead, resulting in increased blood pressure at the
bifurcation [71]. Upon the formation of an aneurysm the nerves responsible for the movements
of the eyes could be pressed or crippled entirely resulting in vision problems during the growth
and rupture phase. This can even serve as a warning sign prior to aneurysm rupture [72].

Another study with approximately half the amount of subjects investigated the general connec-
tion between CoW structures and aneurysm rupture [65]. They found that an underdeveloped
or overdeveloped A1 segment of the anterior cerebral artery (see figure 6) was directly connected
to the rupture of CA. Since blood flow is impaired in the A1 segment, it would increase through
the anterior communicating artery to compensate which would increase pressure and shear stress
at the junctions, triggering different aneurysm formation, see figure 8.
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Figure 8: Common ways aneurysms can form at the anterior communicating artery. (Authors’
own image)
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4 Method

This section describes the method used to reconstruct the geometry and the CFD calculations
and simulations. The reconstructions and simulations were done cooperatively with MMSX20-
21-81. Since this thesis focuses on biomechanics rather than fluid-mechanics, we will use the
conclusions regarding the appropriate mechanical basis of the blood flow, appropriate lattice,
CFD method, and validation of said method obtained by group MMSX20-21-81 [26]. As dis-
cussed in the previous chapter, the exact geometrical configuration of the blood vessels can
play an important role in determining aneurysm growth and rupture. In the present work, we
thus reconstruct blood vessel geometries from MRI to fully reconstruct three-dimensional vessel
morphologies in the CoW.

4.1 Method for geometry reconstruction and selection

To reconstruct a 3D geometry of the human cerebral circulation system, MRI scans from two
human brains, called BG0001 and BH0027, were processed in MATLAB. With the help of Image
Processing Toolbox in MATLAB, data from the dicom files of the 2D MRI scans were read and
stacked on top of each other creating a 3D matrix. The data contained in this matrix includes
data of the whole brain thus requiring a method for the extraction of the cerebral circulation
system. The method chosen was thresholding. The principal of thresholding is that different
tissues in the brain gives different intervals of pixel intensities. Therefore by setting all pixel
intensities lower than a manually chosen threshold value to zero, the cerebral circulation system
could be extracted. The advantage of thresholding is its easy implementation, the disadvantage
is that some tissues share parts of the same pixel intensity intervals, creating an overlap of
different tissues in the extraction. In our case, bone and blood vessels partly shared the same
pixel intensity values [73].

The next step was filtering out small volumes and plotting the filtered image. This created
a clear 3D geometry from which the CoW and other interesting parts could be identified. The
disadvantage of thresholdning, showing parts of the skull in our case, did not affect the whole
3D geometry. The interesting parts did not contain any bone fragments thereby clear images
could be extracted, see figure 9.
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Figure 9: CoW of BG0001. The blood vessel marked with a blue circle is the Internal carotid
artery used in the simulations.

Figure 10: Internal carotid artery of
BG0001 used in the simulations.

For the simulation the internal carotid artery was extracted from BG0001. The reason being
that it has a bifurcation with a large parent vessel and two large daughter vessels, making it an
interesting geometry to simulate, see figure 10.

When taking out the different geometries that were of interest, the selection was limited by a
number of causes. In order to simplify the setup for the simulation, which will be discussed in
later sections, the arteries that were taken out from the plot of the CoW had to begin and end
in the same plane in the 3D plot. For instance if a geometry was taken out such that the artery
was cut in the XY-plane the end had to be cut in the XY-plane too. The artery was also limited
to be preferentially aligned along one specific direction. These limitations led to a number of
arteries not being able to be constructed for the simulations. The selected arteries are therefore
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the ones that meet the criteria for the simulations and matches the description of being at risk
for aneurysm as mentioned in section 3.

The simulation requires a steady state of the flow for the result to be closer to what it would
have been in reality. This means that the simulation must be long enough to allow steady state
to development. This was done by creating an artificial vein in MATLAB using the formula for
a circle to create segments of circles on top of each other with increasing or decreasing radius.
This allows the outlet of the artificial vein to match with the inlet.

The two patients BG0001 and BH0027 are healthy patients in the manner that no evolved
aneurysm has been detected on them. For the purpose of this thesis the simulation should
include geometries with arteries that has an aneurysm. This lead to creating fake growth of
aneurysm in MATLAB in the same way that the artificial veins were created, see figure 11. The
result of an artery with both the artificial vein and a created aneurysm growth are shown in
figure 12. This was done so the result could be compared with the results from a geometry
without the added aneurysm.

Figure 11: Internal carotid artery of
BG0001 with a constructed aneurysm used
in the simulations.

Figure 12: Internal carotid artery used for
simulation from BG0001

4.2 Assumptions and flow conditions

A large part of the fluid-mechanics studies regarding hemodynamics assume the blood flow
to be Newtonian. However, blood as well as many other fluids encountered in real scenarios,
or industry do not express the linear relationship between shear stress and viscosity. In the
case of a shear thinning fluid, such as blood, it is necessary to model accurate shear-dependent
variations in viscosity. This was done by making new models with non-Newtonian fluids. To
choose the most accurate model is very important when it comes to risk assessments, since
over- and underestimations of WSS can have a significant effect on the patients medical profile.
The two different models, Newtonian- and non-Newtonian are compared and reflected on in the
result section.

Generally the blood flow in arteries is laminar. However, under certain conditions such as the
branch point at big arteries, the flow becomes more chaotic resulting in a high loss of energy
via turbulent mechanisms. Since the cerebral arteries are small, the model is made to meet the
laminar criteria. During this project some assumptions had to be made in order to proceed
with the simulations. The flow would be considered laminar throughout the simulation and the
vessel-walls were assumed to be rigid walls.
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4.3 Simulation of LBM

The Lattice Boltzmann simulations are performed for a Newtonian and non-Newtonian fluid
described by the Herschel-Bulkey model, see equation 4. The HB-P model was chosen since it
is important to include the change of yield stress of a fluid due to the risk of receiving shear
stress values that differ from the actual value. This leads to faulty assumptions of the blood
flows discriminating values. Due to the risks of surgical treatment of aneurysms, and the risks of
rupture if critical aneurysms are left untreated, it is crucial to acquire accurate results. Any over-
or underestimations of the discriminator values should be eliminated. Table 1 presents the most
suitable characteristic parameters for the CoW. These have been verified by our cooperating
group, MMSX20-21-81 [26], and are therefore used in the simulations. In dimensionless form,
the HB-P model is described by the parameters reported in table 2. With such parameters, we
confidently mimick a realistic blood flow condition, with shear thinning and yield stress taken
into account.

Table 1: Characteristic parameters.

Parameter Label Value

Density ρ 1000 kg/m3

Viscosity µc 0.004 Ns/m2

Length/mean diameter lc 3.08 mm

Reynolds number Rec 40

Yield stress τ0 0.04 N/m2

Flow index n 0.95

Consistency index k 1.712 · 10−2 Nsn/m2

Table 2: Defined dimensionless parameters.

Dimensionless parameter Description

C = k
µc

(
vc
lc

)n−1
Dimensionless consistency

Bn = τ0
µc

lc
vc

Bingham number = yield stress
viscous stress

M∗ = Mvc
lc

Dimensionless stress growth exponent [74]

γ̇∗ = lcγ̇
vc

Dimensionless shear rate

η∗ = η
µc

Dimensionless apparent viscosity

The HB-P model (equation 4) can be written as

η(γ̇) =
τ

γ̇
= kγ̇n−1 +

τ0
γ̇

(
1− e−m|γ̇|

)
(6)

when inserting the dimensionless parameters listed in table 2, the HB-P can once again be
rewritten as

η∗(γ̇∗) = C|γ̇∗|n−1 +
Bn

|γ̇∗|

(
1− e−M∗|γ̇∗|

)
(7)

using these dimensionless parameters enables a simpler form of the equations. A reduction of
number of variables can be obtained when dimensions cancel each other out. It also makes it
possible to conduct a simpler comparison between experiments with different variables, giving
scaling laws that easily can be examined. The dimensionless values are computed using some
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characteristic physical parameters typical for blood flow description, such as vessel diameter
and blood viscosity. Therefore, the dimensionless values allows a direct comparison between the
simulated data and such more simplistic values.

The lattice arrangement used in the simulations is D3Q19 (see figure 2), meaning a cube with
19 linkages was chosen as the most optimal arrangement for simulating blood flow [24]. The
simulation of blood flow was done in the chosen geometries extracted from the MRI explained
in section 4.1.
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5 Results

The following result was obtained from the chosen and reconstructed geometries with the use of
numerical methodology explained in section 4.3. It presents how the dimensionless shear stress,
dimensionless average shear stress, and the average velocity varies for the different models. The
results are displayed in two different types of figures where one shows the geometry in 3D, and the
other is a graph showing how the average shear stress or the average velocity varies in a specific
cross-section of the artery. It should be noted that due to the use of dimensionless parameters,
the values obtained in the graphs are only representative when conducting comparative studies
between the different simulation-alternatives.

5.1 Comparison of shear stress in geometries with and without constructed
aneurysm

Fake aneurysms were created to evaluate its effect on the blood flow. The aneurysms were placed
in the bifurcations since it is the most common spot for aneurysm initiation, as stated in section
3.2. Figure 13 and 14 illustrate the distribution of shear stress in the artery wall from patient
BG0001 when simulating blood as a Newtonian fluid with and without the aneurysm, whereas
figure 15 and figure 16 show the simulations of blood as a non-Newtonian fluid with and without
the aneurysm.

Figure 13: Newtonian without aneurysm Figure 14: Newtonian with aneurysm
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Figure 15: non-Newtonian without
aneurysm

Figure 16:
non-Newtonian with aneurysm

It should be noted that the entire aneurysm is not visible in figure 14 and 16 because the shear
stress is too low at the top of the aneurysm and is colored as white. For reference see Figure 17
which shows the full size of the aneurysm to the left, and the full size of the artery without the
aneurysm to the right.

Figure 17: Artery from patient BG0001 with and without
aneurysm.

From the four 3D-plots of the artery it is possible to see an increase in shear stress on the left side
of the bifurcation when adding the aneurysm. The maximum value of shear stress in both blood
models increases when the aneurysm is added. Although it is not entirely easy to capture these
variations in the 3D plots due to the small area they act on. For this reason some cross-sections
near and including the aneurysm will be presented separately in the following results.
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5.1.1 Comparison of shear stress in cross-sections with and without constructed
aneurysm

The following graphs representing obtained values from cross-section analysis are computed
along the z-axis. Since it can be difficult to grasp the direction of the z-axis and the location
of the cross-sections figure 18 and 19 are provided to aid the visualisation. When reading the
following graphs from left to right, one reads the values from the vessel from left to right in
figure 18 at the specified cross-section, represented by the black lines in figure 19, where the
bottom cross section in the figure is at x=160, middle one at x=205 and the top cross section is
at x=217.

Figure 18: Visual representation of the
z-axis

Figure 19: Visual representation of
cross-sections

The average dimensionless shear stress τ∗mag,av, measured in specifically chosen cross-sections
(x=160, x=205 and x=217) at the x-axis are presented in the figures below (see figures from
section 5.1). The areas that were chosen represent cross-sections located right before the con-
structed aneurysm and on the constructed aneurysm, see figures 21 and 22 respectively. A
cross-section through the region showing the highest average shear stress values in the figures
above was also chosen, see figure 20.

The first graph shows a cross-section of average shear stress at the internal carotid artery be-
fore the bifurcation perpendicular to the flow direction, see figure 20. As we could see in the
3D-figures in section 5.1 the area in cross-section x=160 has a higher shear stress on the walls.
This is apparent by the two peaks in figure 20. This section is not affected by the constructed
aneurysm and shows similar values regardless if the aneurysm is present or not. Noticeable is the
significant difference of average shear stress in the center of the vessel, whether the simulation
was conducted with blood as a non-Newtonian fluid or not. The Newtonian simulations result
in higher values of average shear stress, but both models show similar values of shear stress close
to the vessel walls.
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Figure 20: Cross-section 160, high shear stress area not in contact
with constructed aneurysm

The graph of cross-section x=205 shows how the average shear stress is distributed right before
the aneurysm begins. See figure 21. Since the vessel from this point onward is split into two,
the profile of the function is not as symmetrical as in cross-section x=160 (see figure 20), due
to fact that the walls separating the vessels have an impact on the average value of the shear
stress.

Figure 21: Cross-section 205, right before constructed aneurysm

The graph of cross-section x=217 shows how the average shear stress is distributed on the
constructed aneurysm. See figure 22. In this cross-section we can notice a difference in average
shear stress between with and without aneurysm in the area 104 < z < 118 for both blood
simulation models. However, the non-Newtonian model experiences significantly higher shear
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rate in the area 110 < z < 118, than the Newtonian model.

Figure 22: Cross-section x=217, on the constructed aneurysm

5.2 Total average shear stress

Figure 23 shows the average shear stress magnitude along the x-axis. The highest average is
measured around cross-section x=160 indicating that the shear stress is high in the entire vessel
in said cross-section. After the high shear stress region, the shear stress decreases until approx-
imately x=210 where the bifurcation and constructed aneurysm occur, however, the average
shear stress is lower than in cross-section x=160 indicating that the shear stress is low through-
out the outer vessel walls not in contact with the bifurcation area. This can be seen in figure
15 and figure 16. The constructed aneurysm did not pose a significant change in the average
magnitude of shear stress of the vessel.
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Figure 23: Average shear stress along x-axis

5.3 Velocity of the blood flow

Figure 24 and 25 present the dimensionless velocity of the blood flow only in the direction of
the x-axis. The values are therefore affected by the size of the vessel, and the angle with respect
to the x-axis, making it difficult to truly determine where the highest velocities are obtained
without further investigation, however comparative investigations for the different simulations
can be done.

Figure 24 and 25 represent the velocity of the blood flow for the Newtonian and the non-
Newtonian case.

Figure 24: Velocity of the blood flow for
Newtonian simulations

Figure 25: Velocity of the blood flow for
non-Newtonian simulations
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The most substantial difference between figure 24 and 25 is the increase of velocity specifically
in the center of the vessel in the non-Newtonian simulation indicating evidence of shear thinning.

When investigating the velocity difference in the non-Newtonian simulations with and without
the aneurysm, a velocity difference can be seen especially in the marked region. The constructed
aneurysm is situated in the marked region implying it affects the velocity of the blood flow, see
figure 26 and 27.

Figure 26: Velocity of the blood flow for
non-Newtonian simulation without
aneurysm in the XZ-plane

Figure 27: Velocity of the blood flow for
non-Newtonian simulation with aneurysm in
the XZ-plane

The average velocity in cross-section x=217, shows a difference in the region approximately
around 104 < z < 118, which is where the aneurysm is located (see figure 28). The average
velocity decreases when the aneurysm is present thus confirming it disturbs the blood flow.
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Figure 28: Average velocity at cross-section x=217 along z-axis
with and without aneurysm for non-Newtonian simulations

Since figure 28 measures the average velocity, the velocity in the aneurysm must be significantly
lower than in the rest of the vessel, this can be seen in figure 29 since there is only a small part
of the aneurysm visible (in comparison to the full-sized aneurysm in figure 17), it indicates that
a very low, or even stagnant flow is achieved in parts of the aneurysm, and are therefore not
visible in the figure.

Figure 29: Velocity of the blood flow for
non-Newtonian simulation with aneurysm
in XY-plane
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6 Discussion

6.1 Analysis of the hemodynamic parameters

As stated in section 3.2, the initiation of an aneurysm is most likely to occur in a bifurcation or
where the blood vessel bends. This is due to the increased risk of endothelial dysfunction caused
by the increased WSS, and flow velocity. In the simulations without the constructed aneurysm,
it can be confirmed that the bifurcation, and the more bent part of the vessel at cross-section
x=160 experience the highest values of WSS. This is clearly shown in the non-Newtonian 3D-
figures 15 and 16. In a realistic setting the elastic nature of the artery would expand during
such flow conditions thus decreasing the effect of high WSS. This is most likely one of those
regions where WSS is overestimated due to rigid-wall model of the vessel walls. This result is
also shown in figure 23, where you can see the highest peak around x=160. The reason why
the peak associated with the bifurcation, after x=200, is relatively low compared to the peak at
x=160, is because there is only a small area of high WSS in that region. The rest of the vessel
in that area shows lower values of shear stress, lowering the average value.

By analyzing the cross-sections of average shear stress, it is possible to more precisely dis-
tinguish at which regions the high shear stress is located. Although, in areas with larger spans
of shear stress it is harder to pinpoint. Looking at the area 104 < z < 118, in cross-section
x=217 in figure 22, it illustrates almost like a shift in the local peak between with and without
aneurysm. Clearly the shear stress decreases in the first part of the area with the insertion
of an aneurysm, and then increases at the end. This can also be shown in the 3D-figures in
section 5.1 where it can be seen that the inserted aneurysm is very lightly coloured in pink (low
shear stress) and at the left edge of it is dark blue spot (high shear stress). An explanation for
the increase of shear stress at the edge of the aneurysm is that the bulge creates another small
bifurcation. When analysing figures 16 and 14, one can see that the region with the highest
WSS is situated on the edge of the constructed aneurysm, despite the average shear stress of
this region resulting in lower values. Therefore the conclusions of a relation between high WSS
and aneurysm initiation, still seems to be consistent with the results obtained in this thesis.

Following the results from section 5.2, a noticeable difference is observed between the Newtonian
and non-Newtonian blood model, in the sense that the non-Newtonian blood exhibits shear-
thinning behaviours that explain the higher velocities. This agrees well with the properties of a
non-Newtonian fluid described in section 2, that the viscosity of blood is decreased under higher
velocities compared to Newtonian blood that retains its constant viscosity.

When trying to distinguish areas at risk of aneurysm initiation, the use of a realistic blood flow
model is crucial. When using a Newtonian model to analyze the blood flow we do not see the
same peak in the bifurcation area as when looking at the non-Newtonian model. This is especially
shown in cross-section x=205 (see figure 21) in the area right below the aneurysm, around the
interval 104 < z < 118. The non-Newtonian model without aneurysm shows a higher average
shear stress value in the region compared to the Newtonian model without aneurysm. Also
there is a much smaller change in shear stress between the two Newtonian functions compared
to the two non-Newtonian functions. The overall average shear stress values are higher for the
Newtonian models, this could lead to an overestimation of WSS. However, figure 22 shows that
the Newtonian model underestimates the shear stress in the aneurysm, this could potentially
lead to underestimating the risk of aneurysm rupture.

When comparing the two blood flow models with shear stress along the x-axis, see in figure
23, it shows how the non-Newtonian model takes on lower average shear stress values in most
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regions except around x=220 where the the non-Newtonian model takes on a higher value.
An explanation for this phenomenon is the shear thinning mechanism that the non-Newtonian
model accounts for. As explained in section 2, at x=220 the RBCs elongate into ellipsoids and
align with the flow. In such areas the non-Newtonian model displays a better flow than the
Newtonian model, i.e. the value of the viscosity gets lower than in the Newtonian model.

6.2 Future directions

The results presented in the result section leaves many opportunities for further research. This
section covers some of the future directions for developing more simulations.

6.2.1 Comparison of shear stress in geometries between two patients

The original plan was to include two patients in our thesis, BG0001 and BH0027. We were
unable to investigate the hemodynamic for patient BH0027. Consequently it was not possible
to compare the possible effect of anatomical variation between the two patients. For the sake of
completeness, we here report a geometrical analysis and comparison of the CoW morphologies
in figure 30. It shows the chosen segment of interest for such comparison between the two
patients. It is clear that patient BH0027 has a less robust CoW, making this comparison worth
exploring. However, in order to explore the proposed link between variations of CoW and
aneurysm pathophysiology described in sections 3.4.1 and 3.4.2 the mere comparison of two
geometry sections will not be enough. To give this geometrical difference a deeper meaning the
simulation needs to contain more than just one segment of the CoW. We encourage the reader
to look into the work done by Kristen Devault et. al that propose the modelling of the blood
flow in the entire CoW [75]. Their approach is particularly insightful due to it allowing room
for recalculation of flow patterns to compensate for the geometrical differences. We believe that
incorporating their proposed models (that are validated against in vivo data) in future works
will be a big step towards utilizing CFD for predictive studies such as ours.

Figure 30: To the left CoW of BG0001, to the right CoW of BH0027. The blue circled area in
BG0001 shows the geometry of the location corresponding to anterior cerebral artery in
BH0027. Note that in BG0001 a bigger blood vessel connects to the right side of the CoW and
has a symmetric equivalence on the left side of the CoW. The blue circled area in BH0027
shows the anterior cerebral artery. Note that the geometry of the anterior cerebral artery has
no symmetric equivalence on the left side.

29



6.2.2 Improvements of the model

The present simulation framework is based on the assumption of rigid walls of the arterial
vessels. This assumption has been shown to lead to almost 50 % overestimation of maximum
WSS in some regions of CoW in previous studies [8].. Thus this feature seems to be essential
for model accuracy. This overestimation could result in false diagnosis regarding risk zones for
aneurysm formation. The disadvantage of applying the elastic model however, is indeed very time
consuming, complex and perhaps outside the scope of a Bachelor thesis. One major drawback
of rigid wall model is that it would be harder to draw a connection between biomechanics of the
arterial wall reconstructions mentioned in 3.2 and 3.3 in the sense that a more dynamic model
is able to capture the hemodynamic behaviour more accurately. The elastic nature of arterial
walls also play an important role in absorbing some of the impacts of high blood pressure and
velocities. We recommend reading the research paper on modelling arterial walls that takes into
account the composition and features of an elastic vessel wall [27]. Perhaps a hybrid model
of rigid and elastic wall will be suitable, where only the region of the artery containing the
aneurysm is modelled as elastic.

There are many ways and computer programs to segment the cerebral circulation system. One
of the methods is thresholding, used and applied in MATLAB in this report. As mentioned in
section 4.1 this method provides an easy way to segment the blood vessels but also includes
other unwanted parts of the brain. For getting even more accurate results of WSS analysis, it
could be of interest to implement other methods and computer programs for segmentation.

Other interesting methods for image segmentation could be watershed, active contour, clustering,
region growing and edge detection [73]. For example, the region growing approach is a iterative
process that examines neighboring pixels to a chosen set of seed pixels. The neighboring pixels
gets added if they have similar values to the seed pixels. The advantage of this method is
that its easy to implement and a disadvantage of this method is that it will not work for
non-smoothly varying regions. The image segmentation process could further be improved by
applying morphological and filtering operations such as erosion and dilation.

As mentioned in sections 2.2 and 3.3 OSI and pulsating flow have been found significant. In
order to study the effects of OSI, the flow needs to be pulsatile, i.e mimic the cardiac cycle.
By accounting for the periodic change in flow conditions it would enable studying the turbulent
nature of blood flow inside a constructed aneurysm. One argument that can be made in favour
of not including pulsatile blood flow is based on the fact of the chronic nature of such vascular
disease. It justifies the steady-flow assumption making the pulsating feature less significant over
a long period of time. We however believe that by comparing a healthy cerebral vasculature
with those containing aneurysms and/or defective CoW anatomy even in long-term research,
would contribute to a more specific isolation of hemodynamic discriminators. It is suspected
that several mechanisms may be involved in the growth and rupture process and simulating
pulsating flow might offer interesting insights.

6.3 Ethical aspects

The ethical aspects of using CFD as a technique in the medical fields may be of interest since it
provides in silico testing, meaning no direct use of animal testing will be necessary. The usage of
animals for drug development and medical research increased in the 37 countries providing such
statistics during the years of 2005-2015. With an estimated usage of animals reaching almost
200 million per year, this is an unsustainable and ethically questionable method that in silico
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testing can reduce [76].

There is a lot of pros with in silico trials but it also comes with some ethical issues regarding the
usage of data. The use and misuse of data is a widely discussed topic and events like the adoption
of GDPR and the Facebook and Cambridge Analytical scandal has made the general population
more aware of the topic and their rights regarding personal information. It has become more
clear for people that the use of individual data needs to be under regulation [77]. Compared
to in vivo or in vitro testing, in silico testing requires medical data collected from humans.
This data can not be completely anonymized if wished to analyze whether the outcomes of the
performed tests were as predicted. Gathering this type of personal information in a large extent
give rise to several questions regarding appropriate use of health data [78].

Although the increased awareness, studies has shown that a majority of people are positive
towards the use of personal data in medical research. A consultation regarding health data
executed by the European Commission showed that on the statement ”Citizens should be able
to manage their own health data” over 93% of more than 1400 respondents agreed. On the
statement ”Sharing of health data could reveral beneficial to improve treatment, diagnosis and
prevention of diseases across the EU” answered 83% of the participants that they agreed/strongly
agreed. Another study made from asking clinical trial participants showed a difference in people’s
attitude towards sharing different types of data. It showed that people have a more positive
attitude when it comes to sharing clinical trial data than clinical data (hospital data) [77].
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7 Conclusions

The results from this project show that areas more prone to develop aneurysms experience
higher WSS, supporting the connection between high WSS and aneurysm initiation. The results
also indicate that the presence of an aneurysm affects the hemodynamics, the magnitude of
the change depends on whether the simulations where made based on the Newtonian or non-
Newtonian model. In the search of regions at risk for aneurysm initiation, both earlier researchers
and our results suggest that the non-Newtonian model is more preferable in particular due to
the ability of including shear thinning mechanism. Further research in areas such as anatomic
variations in the CoW could give rise to new insights regarding crucial regions. Also, including
OSI and pulsating flow, or applying a more elastic model in the simulation could be useful in
future research.
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