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Abstract

A cerebral aneurysm is a local enlargement of a weakened blood vessel wall in the brain. It is a
critical condition that causes several deaths yearly due to the fatal intracranial bleeding that a
rupture of an aneurysm can cause. This report investigates aneurysms with focus on their impact
on shear stress in blood vessels where aneurysms are often found. This is done with the aim to gain
further knowledge about the correlation between mechanical factors and aneurysm progression.

Throughout the report images of brains from two healthy patients, taken with magnetic resonance
imaging, serve as a fundamental basis of real-world representation of blood vessels in the human
brain. The scanned images were reconstructed into three-dimensional volumetric data to use for
simulations. A total of seven specific vascular geometries were chosen from the two brains. All
were selected in the Circle of Willis, a specific section in the lower central part of the brain. The
Circle of Willis is a domain particularly prone to the development of aneurysms. Since the images
originated from healthy patients the chosen geometries did not contain any aneurysms. Therefore
a modified copy of each selected geometry was created as well, with the difference being that they
contained a virtually inserted aneurysm.

The blood flow of the reconstructed vascular geometries was computed and simulated using the
Lattice Boltzmann method. It is a numerical method that recovers the Navier-Stokes continuity
and generates the velocity field within the chosen blood vessel geometries. The blood flow was
simulated in all seven pairs of blood vessels. With the acquisition of the velocity distribution
within the vessel, the corresponding distribution of shear stress was calculated. Results from
the simulations were compared between the cases with and without aneurysm with respect to
shear stress. The concluding result was that a global increase in shear stress was found for the
geometries with an aneurysm. This result suggests that the progression of one aneurysm could
lead to a weakened blood vessel that is likely to develop an increased number of aneurysms.

Keywords: Lattice Boltzmann, Cerebral aneurysm, Cerebral circulation, CFD, Vascular system



Sammanfattning

Artarbrack, dven kallat aneurysm, ar en lokal utvidgning av en férsvagad blodkéarlsvigg i hjarnan.
Det ar ett allvarligt tillstand som orsakar manga dédsfall varje ar pa grund av den livshotande
hjéarnblédning som sprickning av aneurysmer kan orsaka. Denna rapport understker aneurysmer
med fokus pa dess inverkan pa skjuvspanningen i blodkéarl dar aneurysmer ofta bildas. Detta gors
med malet att f& 6kad kunskap i korrelationen mellan mekaniska faktorer och aneurysmbildning.

Genom rapporten anvinds magnetrontgenbilder av hjarnor fran tva friska patienter som underlag
till verklighetsbaserade representationer av blodkérl i den ménskliga hjarnan. Magnetréntgenbil-
derna rekonstruerades till tredimensionell volymetrisk data for att anvdndas i simuleringar. Totalt
valdes sju specifika blodkéarlsgeometrier fran de tva hjarnorna. Alla valdes i Willis ring, ett speci-
fikt omrade i den nedre, centrala delen av hjarnan. Willis ring ar ett omrade dar aneurysmer ofta
utvecklas. Eftersom magnetrontgenbilderna hérrérde fran friska ménniskor innehdll ingen av de
valda rekonstruerade geometrierna nagon aneurysm. Utéver detta framstélldes ytterligare en upp-
sittning av samma geometrier, med skillnaden att en virtuellt konstruerad aneurysm placerades
in i varje blodkarl.

Blodflodet i rekonstruerade utvalda delar av hjdrnan berdknades och simulerades med Lattice
Boltzmann-metoden. Det dr en numerisk metod som aterger 16sningarna till Navier-Stokes konti-
nuiteten och genererar hastighetsféltet i de utvalda blodkérlen. Blodflodet simulerades i alla sju par
av blodkérl. Utifran den resulterande hastighetsfordelningen i blodkérlet kunde den motsvarande
férdelningen av skjuvspénningen rédknas ut. Resultaten fran simuleringarna jamfoérdes med avse-
ende pa skjuvspdnning i fallen med och utan aneurysm. Det slutliga resultatet av detta var att en
global 6kning av skjuvspanning tillkom i blodkérl med aneurysm. Detta tyder pa att uppkomsten
av en aneurysm kan bidra till en 6kad forsvagning av blodkér]l med f6rhojd risk for utveckling av
ytterligare aneurysmer.
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1 Introduction

The study of the correlation between flow characteristics and diseases in the human vascular system
has increased in the last years [I},[2) 3 []. This is mostly due to the advancement of Computational
Fluid Dynamics (CFD) and the development of numerical tools, allowing for complex reconstruc-
tions of the vascular systems to be created virtually. These improvements enable the examination
of the impact of hemodynamics, the dynamics of the blood flow, on the progression of diseases in
the vascular system.

The general technique of modeling, simulating and visualizing biological processes computationally
in a virtual environment is called in silico, where use of the Lattice Boltzmann method (LBM) to
generate velocity field solutions is one example of this technique. The Lattice Boltzmann method
is one class of CFD methods. It solves fluid flow problems numerically with a mesoscopic approach
by considering the behavior of particles as a distribution instead of modelling every single particle
[B]. In silico techniques make use of mathematical models and biological data available from past
studies and experiments. It is an alternative method of investigating pathology on the human
body and differs from in vivo which involves direct testing of living organisms. In vivo studies
are most often performed on animals whose physiological differences from humans could lead to
inaccuracies in results. The use of animals in medical and biological research is still a topic of
debate. See section for a longer ethical discussion on how the use of in silico techniques, such
as in this project, can impact the future of biological research.

Current computational hemodynamic studies have shown that certain flow patterns have a strong
link to specific diseases and physical disorders. Two examples are cancer and cerebral aneurysms
where the former focuses on distribution and progression of cancer cells [I], and the latter on the
initiation and rupture of cerebral aneurysms [0l [7]. More severe and common diseases such as
stroke, the second cause of death globally [8], can also be linked to hemodynamics [2].

Cerebral or intracranial aneurysms can be divided into four subgroups: saccular, fusiform, dissect-
ing and mycotic. Saccular aneurysms, characterized by round bulges that protrude from only one
side of the blood vessel wall, are the most common of these four [9].

The aneurysm progression is a noticeably active area of research because of its mechanical and
biological complexity. Intracranial aneurysms are most common in the Circle of Willis (CoW)
which is a circle of communicating arteries at the base of the brain [2]. Subarachnoid hemorrhage
(SAH), one of the most severe types of stroke, occurs when an intracranial aneurysm ruptures [I0].
Therefore research about aneurysms and associated hemodynamic mechanical factors such as wall
shear stress (WSS) in the CoW is of high interest and could pave way to improved methods of
preventing and treating aneurysms that pose a risk to the bearer.

1.1 Objective of Study

The overall aim of this work is to explore the correlation between flow characteristics and diseases
found in the vascular system of humans. The study will focus on investigating how aneurysms
affect shear stress in the CoW with the use of the Lattice Boltzmann methodology.

1.2 Purpose and Scope

As stated in the introduction, SAH is one of the most severe types of strokes and is often fatal.
Therefore there exist strong incentives to investigate the cause and development of aneurysms.
The methods used in this project, namely the use of in silico techniques, is also of interest from



the perspective of utilizing alternative methods in medical and biological research. This project
could contribute to the building of further trust in n silico techniques and the eventual reduction
of animal testing.

In order to investigate the effects from a constructed aneurysm, geometries from two human brains
of healthy patients are reconstructed. An open-source magnetic resonance imaging (MRI) data
base [11] is used to acquire images of the two brains. The reconstruction of volumetric data from
each of the image sets is done in MATLAB, this is described in depth in section[d.1] The geometries
are also modified by the insertion of a constructed aneurysm, to draw comparisons of the shear
stress between geometries with and without an inserted aneurysm.

This report focuses on the vascular system of the human brain. The Circle of Willis is selected
as the area of interest in the brain, seeing as it is the location for 85% of all saccular aneurysms
[9]. Within the CoW, seven independent arteries are selected from the available brains, these are
presented in section [f.2] Here the targeted condition is the progression of aneurysms. Due to
how common they are, saccular aneurysms are chosen when virtually inserting aneurysms in the
selected geometries. Furthermore, this report exclusively focuses on the impact of shear stress in
the connection between flow characteristics and aneurysm progression.



2 Theory of Fluid Dynamics and the Lattice Boltzmann Method

Herein are described concepts and theories that form the basis for the simulations. This includes a
description of the Lattice Boltzmann method that is used for the simulations and Hagen-Poiseuille
flow that is used for subsequent validation of the MATLAB code.

2.1 Reynolds Number

The Reynolds number (Re) is a dimensionless quantity in fluid mechanics which is used to char-
acterize various cases of flow. The physical meaning of Re may be described as a relation between
the interstitial force and the viscous force. Equation describes the Reynolds number [12].

L L
Re= 2% = =4 (1)
" v

Here p is the fluid density, w is the velocity of the fluid, L is the characteristic length, p and v is
the dynamic and kinematic viscosity of the fluid. The critical point in pipe flow occurs when Re
approaches 2100. Thus, the flow is laminar when Re < 2100 and turbulent when Re > 4000.

2.2 Law of Hagen-Poiseuille

The law of Hagen-Poiseuille describes the incompressible laminar fluid flow in a pipe with a constant
cross section area and is given by

_dj _ S,uuavg _ 32““(11}5] (2)
de ~ R D2

where R is the pipe radius and D is the pipe diameter. Equation is known as the Hagen-
Poiseuille equation [I2]. The expression correlates the pressure drop over a given length to the
drag force on the pipe resulting from the flow of a fluid.

Whilst using the Hagen-Poiseuille equation it is essential to know that there are conditions on both
the fluid and the flow that should be met. For instance the fluid is to be Newtonian and behave as
a continuum. Furthermore, the flow should be laminar, steady, fully developed and incompressible.

Equation describes the velocity profile for fully developed flow in a pipe in three dimensions
[12], with the same notations as for equation (2).

2 ()

Here the parameter r is the distance from the midpoint of the pipe. For equation the flow is
assumed to be laminar and the fluid is assumed to be Newtonian. A no-slip condition is applied,
therefore the velocity at the walls is zero. Moreover, the profile of the shear stress, 7, in a pipe can
be obtained with equation [12].

Trg = (fl]gj); (4)



The velocity profile for flow between two parallel plates is described by equation [13].

dP H? Y2
=——= (1-2L 5
YT T 2 ( H2) (5)

In equation the origin is defined in the middle of the two plates. The parameter y is the
distance from the origin and H is the total distance from the origin to the plate.

If the fluid is Newtonian equation (6]) [12] can be used to calculate the shear stress.

du,
Tyz = ﬂT; (6)

The profile for shear stress regarding flow between two parallel plates is obtained by deriving
equation with respect to y and using equation @ which gives equation .

dP
Tyz = ZJE (7)

2.3 Stokes Flow

Stokes flow, also known as creeping flow, is a phenomenon that occurs in a fluid flow when advective
inertial forces are small relative to viscous forces [14]. Moreover, Stokes flow is usually characterized
by the Reynolds number being extremely low, Re < 1 [15]. As may be noted by studying equation
(1), a small Reynolds number will be achieved by possessing a small characteristic length, a fluid
flowing at a low velocity or by having a very viscous fluid [I5]. The equations given in are
known as the incompressible Navier-Stokes equations [16].

V-V=0

o 0
E+(V~V)V_—;Vp+vvv

In cases when Re < 1 the term (17 V)V, that describes convective acceleration, may be neglected
which results in the Stokes equation, a linearized form of the Navier-Stokes equations specifically
describing creeping motion of a fluid [I6]. Thus the second equation in becomes equation @D

v 1 -

This means that all fluid flows that satisfy equation @[) are considered to have creeping motion.
Moreover, it is mostly in smaller vessels and capillaries that creeping flow occur whereas in larger
arteries the flow is generally laminar with the possibility of minor secondary flows, especially in
regions of branching and curvature [I7].

Stokes flow contributes to a time reversal symmetry [I5] which makes it easier to numerically
compute the equation of the flow. The majority of all physical processes behave with asymmetry
of time, meaning that the process acts different if the direction of time is positive or negative. A



positive direction of time implies going forward in time and the reverse applies for the negative
direction. However, symmetry of time on a microscopic level affect a physical process to behave in
the same way regardless of the direction of time [I8].

2.4 Lattice Boltzmann Method

As stated in the problem description the main aim of the project is to investigate how aneurysms
affect shear stress in blood vessels. The absolute data that quantifies the flow characteristics is
the velocity distribution within the chosen artery. From this it is possible to visualize the specific
movement of the hypothetical blood within the vein, and also to determine the related shear stress.
To simulate the velocity distribution in the chosen geometry the Lattice Boltzmann method (LBM)
will be used.

2.4.1 Theoretical Idea of the Lattice Boltzmann Method

Usually numerical models have one of the following approaches: the macroscopic approach like
Navier-Stokes equations, which takes larger phenomenon into consideration, or the molecular ap-
proach which takes the dynamics between molecules into consideration [5]. One property of LBM
is that it utilizes both of the above mentioned approaches: a mesoscopic middlepoint. To achieve
this, LBM is based on the Boltzmann equation which describes the mechanics of collision and
movement of particle probability distributions [19]. The central idea of LBM is the bottom up
strategy where equations from the molecular approach are reformulated to the macroscopic ap-
proach via local thermodynamic equilibrium [5]. It has been shown that this reformulation recovers
the Navier-Stokes continuity [20].

2.4.2 Model Specification

The LBM relies on solving the same equation in numerous amounts of nodes, or cartesian points,
in a geometry; which in this case is a reconstructed blood vessel geometry. For a good resolution
of the geometry that contains a satisfying amount of nodes compared to the size of the geometry,
it is possible to get a good approximation of the flow with discrete velocity values calculated at
the nodes. Throughout the report, model MRT-D3Q19 of the Lattice Boltzmann method will be
used. This is a special case of LBM where a multiple relaxation time (MRT) factor is used for
the collision operator, see equation . The lattice of the method is specified as D3Q19, three
dimensions and 19 lattice directions, or speeds, that are considered. These 19 lattice directions
form a distribution of particle velocities in a node where direction n holds a value that indicates
the number of particles currently moving in direction e,. in the current node, with e being a
combinatorial matrix of the 19 direction combinations, as seen here:

Here the columns specify the three dimensions and the different lattice directions are found in each
row of e. All vector directions are visualized in figure [T in section

LBM is an iterative method with time relaxation, the time required for a system to reach equilib-
rium, in every step for every iteration. Here the velocity is the sum over all lattice directions i, as



shown in the following equation
1
=2 ;ei,jfi(x, t) (10)
where p is defined as
PZZfi(X7t)~ (11)

In the equations above f is a probability density function, the probable number of particles in a
given thermodynamic volume [5]. With this first calculation of velocities it is possible to calculate
f€4, the probability density function at local thermodynamical equilibrium, as

f9=EQ-V. (12)

Here the matrices EQ and V are defined as following:

! 0 0 0 0 0 0 0 0 07
-1 0 0 o0 19 19 D9 0 o0
3 0 0 0 -4 o o5 g
2pg 2pg 2pg
0 1 0 0 0 0 0 0 0 0
0 -2 0 0 0 0 0 0 0 0 o
0 0 1 0 0 0 0 0 0 0 p
0o 0 -2 0 0 0 0 0 0 0 Uy
0 0 0 1 0 0 0 0 0 0 Uy
0o 0 0 -2 0 0 0 0 0 0 U
2 1 1
EQ — 0 0 0 0 E _E _E O 0 0 , V — ug (13)
0 0 0 0 —i —i % 0 0 0 Uy
o 0o o o o X 1 o9 0o o Uz
Pg Pg Ugp U
0 0 0 0 0 —i % 0 0 0 " uy
O 0 0 0 0 0 0 X 0 0 i,
0 0 0 0 0 0 0 0 é 0
0 0 0 0 0 0 0 0 0 i
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
L 0 0 0 0 0 0 0 0 0 0]

Using f€? the effects of collision within the probability density function can be modelled. In
MRT-D3Q19, this is done according to the collision operator equation where the resulting
probability density function after collision is denoted f* [21].

fr=Ff-M7TS(Mf~ f) (14)

The M-matrix above is a transformation matrix that projects f, f¢? € V, where V is the vector
space of discrete velocities, to the space of R? [22]. The explicit version of M is given below:
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2.4.3 Stability of the Lattice Boltzmann Method

The LBM is ensured to be stable with a stated, fixed Reynolds number below one [5]. To model
higher Reynolds numbers, the method would need to be stabilized by increasing the resolution of
the geometry, as higher resolution decreases the probability for divergent or errant solutions [23].
Other variables that have an impact on the stability is the relaxation time and the magnitude of
any driving force used in the simulation. A decreased relaxation time and an increased body force
will both affect the stability negatively [5].

2.5 Shear Rate

Shear rate in flows has been found to be derivable from the probability density function [24]. The
strain rate tensor is therein defined as the signed sum of relevant density distributions f() with
the sign depending on the tensor directions a3, or in other words e;,e;3. Here e;,€;3 takes values
of either —1, 0 or 1. For the MRT-D3Q19 model, the variant equation modified from [25]
replaces it, implementing the MRT factors.

Sap = _ﬁ Zemeiﬁ Z (M_ls>i,j ((Mf)j - feq’j> (13)

Figure demonstrates how this is calculated. For each combination of a: (z,y, 2) and 8 : (x,y, 2)
the contributing versors are colored according to contribution sign: red for positive (ejn€;8 = 1),
blue for negative (ejn€;3 = —1) and black for non-contributing (e;n€;3 = 0).
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Figure 1: Contributing versors for strain rate tensor calculation (authors’ own image)

Given the strain rate tensor, the shear rate 7 is defined according to equation [24].

3
Y=2, Y SapSas (16)

a,f=1

With the shear rate, the shear stress is defined as 7 = 4 for Newtonian fluids [12].

2.6 Conversion between Lattice Boltzmann-Units and Physical Units

When using the LBM the parameters will be in Lattice Boltzmann-units (LB-units) and it therefore
requires a conversion to physical, SI units. Shear stress is one parameter which needs a unit
conversion. The ratio between the simulated shear stress in LB-units and SI units should be equal
to the ratio between theoretical shear stress for a three-dimensional pipe in LB-units and SI units.
This results in equation .

TLB _ Tth,LB (17)
Tph Tth,ph

Here 7 is the shear stress, the subscript ph denotes the physical case and LB the Lattice Boltzmann
case. The subscript th indicates a theoretical shear stress for a three-dimensional pipe.

The theoretical shear stress in equation can be expressed by equation @ The shear stress
from the simulation, in SI units, can then be written as equation (L8]).

Rin ph (

S— Tth,ph r o 2

ph = T LB = Rurs
ph 2 (

)th,ph

SB|ER

*TLB (18)
)th,LB



Here ‘(’li—f is the pressure gradient. The quotient of the pressure gradients can be expressed with

the help of the Reynolds number since it is dimensionless. The Reynolds number will be equal in
both form of units and this leads to equation .

Rein,pn = Rew,, B (19)

Thereafter the equation for the Reynolds number, see equation , can be used. After rewriting,
it leads to equation .

Uthyph  Lth,LB * Pth,LB - Bthph (20)
Uth,LB  Mth,LB * Pth,ph * [bth,LB

The velocities can be expressed with the help of the Hagen-Poiseuille equation, see equation ,
since it is the theoretical velocities for a three-dimensional pipe in different units. This gives

equation .

apP 2 2
(F2) th Ry g LtnLB - ptn,LB - B o, 1)
= 3 2
() s Binpn - LB - Pihph - Hip g
Equation (21)) can be used in equation (|18]) which results in equation (22]).
Rin1B - Lih,LB - Pth,LB * Kin o
Tph = tup . (22)

3
Rinph - Lth,ph - pthoph  Hin 1B

The radius, R, and the characteristic length, L, can be converted between the different units by
using the resolution of the geometry, in this case denoted with s. This is shown in equation .

Rinph = 8- Ren,LB

(23)
Lipph = 8- Lyn. 1B
When using the relation with the resolution, equation can be written as equation .
1 Hin ph
Tph:f '71: P *TLB (24)

2 2
S Pth,ph ,uth,LB

The pressure gradient can also be converted between LB-units and SI units by using the Reynolds
number and equation . The velocity in SI units can be expressed by equation .

urLp - LLp - pLB " tph
Uph = 25
P Ly - pph - LB (25)

The Hagen-Poiseuille equation can be used to express the velocity with the pressure gradient,
resulting in equation . Here the diameter is replaced with the characteristic length, L, for both



cases, physical and Lattice Boltzmann.

(dp) _ Lig- s, (dP) (26)
dL ph Lgh'Pph'NQLB dL ) 1p

The characteristic length can be expressed by using the resolution, see equation and this
results in equation .

P L-prp -2 P
<d> - PLB ugh (d) (27)
AL )y, 8% ppn-bip \dL ) 1p

10



3 Theory of the Cerebral Vascular System

In this section the background regarding cerebral circulation and aneurysms is described in order
to select geometries for the simulations and to interpret the results in relation to aneurysms. A
description of cerebral aneurysms is covered including theory about their initiation, growth and
rupture.

The cerebral circulation can be divided into arterial circulation, the transport of oxygenated blood
to the brain, and venous circulation, the transport of blood from the brain [26]. As the names
suggest, the arterial circulation consists of arteries and the venous circulation consists of veins.
Other types of blood vessels, such as capillaries, exist as well. Capillaries are smaller in diameter
and are a connection between the arteries and the veins [27].

The heart is responsible for pumping blood through the vessels and because of this the blood flow
is pulsatile. The flow in the veins is not equally pulsatile as the flow in the arteries. This is due to
the fact that the pulses are reduced when the blood passes through the capillaries [27].

3.1 The Circle of Willis - a Connection of Arteries

The Circle of Willis (CoW), see figure [2| is a circulatory anastomosis that consists of a number
of connecting arteries, which all supply the brain and surrounding tissue with oxygenated blood.
The CoW is located in the lower part of the brain and consists of the following five main arteries:

1. Internal carotid artery (ICA)

2. Anterior cerebral artery (ACA)

3. Anterior communicating artery (ACom)
4. Posterior cerebral artery (PCA)

5. Posterior communicating artery (PCom)

where 1, 2, 4 and 5 all exist on both the left and right side of the brain, whereas 3 acts as a bridge
between the two sides [28]. Thanks to the CoW it does not make a great difference if one of its
smaller arteries is blocked or if there is a stenosis since the other arteries may provide support in
its place. Whilst the CoW remains similar in most brains, anatomical variations exist [28§].
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Figure 2: A general model of Circle of Willis [29]

3.2 Properties of Blood and Blood Vessels

The structure of blood vessels varies with the type of vessel, but mainly when it comes to arteries
and veins there are three different layers in the blood vessel walls [30]. Starting from the outermost
layer and going inwards, the first layer is the tunica adventitia, a connective tissue, with components
such as collagen and nerves [27]. The second, middle layer is the tunica media and with the help
of its constituent smooth muscle cells it can regulate the vessel diameter [3I]. The third and
innermost layer is called the tunica intima and blood is in contact with a part of this layer, the
endothelium [32]. The endothelial cells that make up the endothelium fulfill different functions
such as control over permeability of the blood vessel wall and inhibition of coagulation [33]. Due
to its direct contact with the blood flow, the endothelium plays an essential role in the progression
of aneurysms.

Plasma and cells are the two main components of blood [34]. Most of the plasma is water and a
small part of it is proteins and ions [35]. Regarding the cells there exist three types with different
functions in blood. Two of these are red- and white blood cells which are a part of the oxygen
transport and the defence in the body, respectively [36]. The third type is platelets and they play
a role in coagulation by adhering to the endothelium when injury to the blood vessel wall occurs
[35].

Blood density can be used as 1050 kg/m? [37]. The dynamic viscosity of blood is often approxi-

mated as 0.035 Pa-s when it comes to larger arteries [38], but can range between 0.003-0.04 Pa-s
[35]. Different factors affect the blood viscosity, two of them are temperature and hematocrit, the
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volume percentage of cells in the blood [39]. In smaller vessels the relation between hematocrit
and blood viscosity is more evident [38].

Since blood flow is pulsatile, the Reynolds number for blood in intracranial arteries can vary
depending on whether it is a systolic or a diastolic period of the cardiac cycle. The diameter of
the blood vessel also affects the Reynolds number. One study has measured the Reynolds number
in ICAs to vary from 382 to 531 during systole, and 200 to 277 during diastole [40].

The flow of blood can be approximated as a steady flow in certain cases despite its pulsatile
behavior. Since the progression of aneurysms is usually linked to chronic long-term events more
so than acute events, flow data that is spread over a longer time may be of greater interest than
those that occur in short sudden bursts and can therefore justify a steady flow approximation [41].

Fluids may be divided into two subgroups, Newtonian and non-Newtonian fluids. The difference
is that a Newtonian fluid has a constant viscosity, no matter the pressure applied to it; whereas a
non-Newtonian fluid does not. The viscosity of blood also varies with the stress, and is therefore
considered a non-Newtonian fluid. Blood behaves as a non-Newtonian fluid during low shear rates
in smaller vessels [42]. Furthermore, shear-thinning is one characteristic that comes with blood
being non-Newtonian [43]. A shear-thinning liquid implies that the viscosity decreases as stress
increases. Blood can however be approximated as Newtonian [44], this can for example be applied
to flow through larger vessels. It is considered reasonable due to the fact that the diameter of the
vessel is much greater than the diameter of the individual cells of the fluid [45]. When blood is
approximated as a Newtonian fluid the shear-thinning behavior is ignored.

3.3 Cerebral Aneurysms

A cerebral aneurysm is an enlargement of a blood vessel wall in the brain. The most common
form is a saccular aneurysm, also called a berry aneurysm, which constitutes around 90% of all
aneurysms [9]. As the name suggests it has a more round form and is protrusive from the wall.

It has been discovered that the size of the aneurysm depends on its location as well as the size of
the location [46]. Saccular aneurysms can be divided into three different groups according to size.
Small correlates to an aneurysm with a diameter less than 10 mm, a large has a diameter between
10 and 25 mm, while a giant has a diameter greater than 25 mm [0]. The arteries of the CoW
are a common location for saccular aneurysms to develop, since that is where around 85% of the
saccular aneurysms occur. Furthermore, saccular aneurysms are often discovered in the vicinity
of the CoW but also where arteries bifurcate [47, 48]. The most common location for cerebral
aneurysms is ACom which is located in the frontal area of the CoW [49], see figure [2 ACom is
quite a small artery that acts as a connection between the left and right ACA to stabilize the
blood flow [50]. The length of ACom is approximately 4 mm [5I] even though some anatomical
variations are common. The size of a saccular aneurysm located in ACom varies but usually has
a diameter between 3-6 mm whereas an aneurysm located in the ICA may have a larger diameter
(~ 6-8 mm) due to the size of the artery [46].

In the general human population up to 3% have a cerebral aneurysm which has not ruptured,
and several aneurysms can be present at once which is the case for 20-30% of the patients [52].
Headaches and seizures are two examples of symptoms from unruptured aneurysms, however they
do not always show symptoms which is often the case with smaller aneurysms [48]. Today cerebral
aneurysms are detected more easily due to progress in imaging techniques used within medicine,
where magnetic resonance imaging and computed tomography are two examples of techniques [4].

When an aneurysm ruptures it can cause subarachnoid hemorrhage (SAH), which is a type of

brain bleed and therefore a form of stroke [53]. While trauma is generally the leading cause of
SAH [54], a ruptured intracranial aneurysm is the most common non-traumatic cause of SAH [37].
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Subarachnoid hemorrhage is one of the most severe consequences of a rupture and has a high
fatality rate. Around 30-40% of cases with a SAH are fatal [48] and many of the patients with
SAH are at a young age [47]. Small aneurysms have a rupture risk of about 0.7% every year [55].
Rupture does not occur for the majority of aneurysms [47].

Two surgical treatments of aneurysms are clipping and coiling [35]. When using clipping the blood
circulation is cut off from the aneurysm with a clip to achieve a more normal circulation. Coiling
entails the insertion of a metal coil in the aneurysm, which will lead to clotting of the blood around
the coil and therefore prevents blood from flowing in the aneurysm.

The progression of aneurysms is still not fully understood and there are different suggestions for
the reasons behind it. One parameter that suggests a strong connection between hemodynamics
and intracranial aneurysm pathogenesis is wall shear stress (WSS). The wall shear stress is the
tangential, frictional force on the blood vessel walls. It is an important parameter because it affects
the endothelial cells and their functions [6].

3.3.1 Initiation of Cerebral Aneurysms

The initiation of intracranial aneurysms has been shown to be connected with high WSS and a
mechanism called endothelium-mediated mechanotransduction [3} 56]. The mechanism involves
endothelial cells sensing WSS and subsequently acting on the mechanical signals from the WSS by
transducing them into biochemical signals. These biochemical signals can in turn initiate vascular
remodeling of the blood vessel in order to restore and maintain homeostasis, a level of biological
stability, that the mechanical stress has affected [57]. When blood vessel walls are exposed to
chronically elevated WSS [58], see figure the current homeostasis gets disrupted. This in turn
triggers the above mentioned endothelium-mediated mechanotransduction to expand the blood
vessel wall outwards. As the affected area of the blood vessel wall undergoes expansion, the
conditions begin to return to baseline WSS levels in order to restore homeostasis. If homeostasis
is not restored in time, the outward expansion continues and becomes a destructive remodeling of
the blood vessel wall which leads to an initiated aneurysm, see figure 35

Blood vessel expands and
aneurysm has been initiated
through endothelium-mediated
mechanotransduction.

Endothelium
senses chronically
elevated WSS.

(a) Blood flow affecting endothelial cells on blood  (b) Beginning of destructive remodeling of blood
vessel wall at a high WSS location vessel wall

Figure 3: The progress of aneurysm initiation on a blood vessel bifurcation (authors’ own images)
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3.3.2 Growth and Rupture of Cerebral Aneurysms

While the initiation of intracranial aneurysms has been strongly linked to high WSS, the continued
growth and rupture of aneurysms have on the other hand been connected to both high and low
WSS [56]. Depending on the geometry of the vasculature near the initiated aneurysm, two different
general flow characteristics have been shown to cause two different mechanisms that can trigger
the growth and rupture of aneurysms.

The first is when the blood flow into the initiated aneurysm is low and has a slow recirculation
inside the aneurysm [6]. The flow is characterized by low WSS. Blood stagnation occurs in the
dome as the low WSS along the endothelial surfaces causes the blood cells to coagulate. This
elicits an inflammatory response in the endothelium which causes the bulge to expand further and
eventually rupture, see figure [4a

The second case that points towards growth and rupture of aneurysms is if there is a persisting
impinging flow into the aneurysm after its formation [59]. The impinging flow is characterized by
a high WSS that stays prevalent inside the aneurysm. This activates a mechanism called mural-
cell-mediated destructive remodeling, which can also cause the aneurysm to grow and rupture, see

figure [4B]

Impingement flow
High WSS
Mural-cell-mediated
destructive remodeling

Slow recirculation
Low WSS
Inflammatory-cell-mediated
destructive remodeling

(a) Slow recirculating flow into an aneurysm (b) Impinging flow into an aneurysm

Figure 4: Two flow characteristics that elicit aneurysm growth and rupture (authors’ own images)
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4 Method

This chapter describes the processes that were performed in order to obtain the forthcoming results.
It starts with the acquisition and reconstruction of geometries of the human vascular system from
images of MRI scans, followed by the implementation of the Lattice Boltzmann method (LBM)
in the MATLAB code. It concludes with the validation of said MATLAB code in regards to the
LBM and shear stress calculations.

4.1 Image Reconstruction

The images of the two human brains, denoted BG0001 and BH0027, were reconstructed into three-
dimensional volumetric data in MATLAB. This was done by adding the DICOM images together,
in order. The DICOM images were taken from the MRI scans of the aforementioned brains. The
vascular system was afterwards singled out by extraction of data with different manually chosen
threshold values depending on the noise surrounding the blood vessels. Given the volumetric
data of the brain, initially in low resolution, it could be visualized by means of an isometric surface
projection in a 3D plot, and regions of interest in the vascular system could thereafter be identified.

As mentioned in section [I.2] the CoW was chosen as the general region of interest in the brain.
After specific blood vessels in the CoW had been identified as interesting from the 3D plot, a
MATLAB script was run with specified coordinates of the brain and now with higher resolution
which resulted in the attainment of detailed geometries of the chosen vascular areas. With higher
resolution comes a greater number of mesh elements. While choosing a high enough resolution for
the geometries, approximately 15 million mesh elements per geometry was the aim. This led to
simulation times of approximately four hours to one day which was considered fitting within the
time frame of the project. The in- and outlets of the blood vessels in the selected regions required
buffers, additional volume outside of the geometry, which use periodic boundary conditions in all
directions. The buffers need to be of appropriate dimension so that the fluid can resume a flow of
unaffected nature when entering and exiting a specific geometry.
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4.2 Choice of Geometries

After reconstructing the images of BG0001 and BH0027 it was notable that the two brains had
geometrical differences in regards to cardiovascular structure. The CoW was located in the two
brains, which can be seen in figures [f] and [6]

500

400

z:(1, 199)

T

200 F .

100 F %

- “I :
Circle of Willis

100 200 300 400 500 600 700 800 900

Figure 5: BG0001 displayed from the side showing the location of CoW (authors’ own image)
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Figure 6: BH0027 displayed from the side showing the location of CoW (authors’ own image)
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When it came to choosing specific regions of interest in the CoW, four geometries were chosen
in BG0001 while three were chosen in BH0027. These can all be seen in figures [7] and [} When
BG0001 and BH0027 were compared with one another it was possible to find a couple of common
extractable geometries, namely P1 and ACom. Figure[Ta] displays the artery called P1 in BG0001.
The flow entering P1 originates from the vertebral arteries, the major arteries of the neck. The
vertebral artery supplies the CoW with oxygenated blood through the basilar artery. The fluid
flow in P1 in BG0001 is therefore in negative y-direction.

Furthermore, figure [7D] represents a curvature in BG0001 which is located near the ICA on the
right side of the brain (Rt ICA). The flow through the curvature at the Rt ICA comes from P1 and
continues through the ICA towards ACA and ACom. When simulating the direction of the stream
through the curvature at the Rt ICA the fluid was pushed in a positive z-direction. The curvature
was chosen since it contributed to a larger variety of differently shaped vascular geometries to use
for simulations.

Another selected geometry was a bifurcation located by the Rt ICA, near the curvature, see figure
Here the blood flow originates from the ICA and is divided into two branches, one of the
streams continues towards ACA and ACom whilst the other continues through the middle cerebral
artery. This implies that the fluid flows in a negative y-direction. The bifurcation in BG0001 was
chosen because of the likelihood of aneurysms developing at bifurcations.

Figure [7d) displays a reconstructed image of ACom. In the anterior communicating artery the fluid
flows through ACA. In this geometry it was natural to push the flow in a positive x-direction. As
mentioned in section ACom is a small artery which connects the ACA on the left and right
side and is present to stabilize the blood flow through the CoW.
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Figure 7: Four different geometries in CoW in BG0001 (authors’ own images)
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Figure [a] shows the reconstructed image of P1 in BH0027. The artery could be found in both
BGO0001 as well as BH0O027. The fluid flow through P1 was pushed in a positive y-direction.
Figure [8b] displays the Rt ICA in BH0027. This artery was selected in order to compare with the
geometries, in the same area, received from BG0001. In the same way as in BG0001 the fluid
origins from the top of the basilar artery and P1. The direction of the fluid was naturally chosen
in a negative x-direction. Lastly, figure represents ACom in BH0027. The flow through the
geometry was chosen in a negative x-direction.
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Figure 8: Three different geometries in CoW in BH0027 (authors’ own images)

Figures [J] and [L0] represent the full images of BG0001 and BH0027, where the selected geometries
are marked.
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Figure 9: BG0001 displayed from below showing the selected geometries (authors’ own image)
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Figure 10: BH0027 displayed from below showing the selected geometries (authors’ own image)

The specifications for the different chosen geometries can be seen in table [ The length and
diameter are the real dimensions of the blood vessels. The ratios are regarding the length of the
geometry divided by the buffer length and the geometry length divided by the diameter.

Table 1: Specifications and ratios for geometries

Geometry Real Real Ratio 1, Ratio 2, Number of | Pressure
Length | Diameter | semdrulonth | o_geomciny towih | mesh | gradient
[mm] [mm] elements [Pa]
P1 (BG0001) 5.8 1.6 10.8 3.7 16.5 - 108 540
Curvature at Rt 20.1 3.7 8.1 5.4 14.9 - 108 58
ICA (BG0001)
Bifurcation at Rt 11.8 3.7 7.2 3.2 14.1 - 108 104
ICA (BG0001)
ACom (BG0001) 3.7 1.2 6.0 3.2 15.7 - 108 896
P1 (BH0027) 4.4 1.7 7.6 2.5 14.7 - 108 504
Rt ICA (BH0027) 8.1 3.9 7.2 2.1 12.6 - 108 22
ACom (BH0027) 8.7 1.7 9.1 5.2 14.2 - 108 290

4.3 Flow Simulation

The Lattice Boltzmann method described in section [2.4] was implemented in MATLAB from an
initial template provided by the supervisor. For a start, smaller simulations were done with limited
computational power, which is enough for smaller, low resolution models and for simple geometries
used in validation of the code. For larger simulations of more complicated geometries with high
resolution, simulations were done with the PC-cluster "Hebbe’ available at Chalmers University of

Technology.
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4.3.1 Limitations Regarding Simulations

In order to simulate the blood flow, several approximations were done. Firstly, blood was approx-
imated as a Newtonian fluid. As mentioned in section [3.2] it is reasonable to approximate that
blood has a constant viscosity since the non-Newtonian effects are usually negligible. Secondly, the
geometries were assumed to be rigid, therefore changes in the blood vessel structure and the wall
was not taken into consideration. In addition, low Reynolds numbers were used because of limita-
tions in computational power and the long accompanying simulation times that it would require.
Therefore a Reynolds number of 0.03 was used for the simulations, even though the usual Reynolds
numbers lie around 100-500 for vessels in the CoW. This means that the flow was approximated
as Stokes flow with low velocities. Lastly, the flow was assumed to be steady and laminar, which
implies no pulses.

4.3.2 Implementation

Although the initial script for computing Lattice Boltzmann steady state velocity solutions was
provided by the supervisor, several alterations have since been made in order to improve the speed
at which the code runs, and the memory usage. Here follows an abbreviated explanation of the
general idea behind the implementation of the code.

Two steps that are central to the Lattice Boltzmann algorithm are the propagation or streaming
step and the collision step based on an equilibrium distribution. The propagation step is generally
described according to equation which describes a versorwise movement of the probability
density function components amongst the nodes. Generally speaking, this can be reduced to a
simple index mapping, or in other words changing which index maps to which versor node value.
This also handles non-multireflection bounceback boundary conditions as described in equation
, which occur in the border between fluid and solid geometry. The index mapping is the
currently implemented usage of this step, where the map is generated from the desired geometry
before the iterative loop is run.

fa(i, 3, k) = fali+ € a,J +€yak+€:4) (28)
fOpposite of a(i7 Js k) = fa (i,j, k) (29)

The collision step in MRT-models are handled according to equation , with the caveat that
in the current implementation, the S matrix is instead a versorwise scalar, due to being faster,
and allowing for future implementations of a non-Newtonian variant, as well as the addition of a
driving force F' according to equation .

S
F=— (1 — 2) MWZ: (3ei,. — 3U; + 9¢; U;) VP (30)

For the implementation of the equilibrium density function f., the velocity needs to be calculated.
This is done according to equation with the modifications that the code skips all j where
e;,; = 0, since that would be adding a term to the sum which would be multiplied by zero, hence
having a zero contribution to the sum.

10P
U, = ijem + §E (31)
J
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The equilibrium calculation is based upon equation , but seeing as the EQ matrix is sparse,

each row is calculated manually in the code, for example feq1 = p and feq2 = —11p + % > Ui,
g

which yields a faster iteration time.

To further speed up iteration time, all solid nodes are excluded from the calculation prior to the
iterative loop start, so that only the fluid nodes, which are the only ones that change, are actually
passed through the necessary operations.

Furthermore, some values were needed in the preparation of the simulation, these are given here
to enable the possibility to recreate the method. First the pressure gradient for the simulations
was calculated by using the expected Reynolds number mentioned previously and the equations
for Reynolds number and Hagen-Poiseuille are shown in equations and . The characteristic
length in the equations was used as the geometry volume divided by the surface area. Density and
kinematic viscosity was used as 1 and 1/6 in LB-units, respectively, for the simulations. The resid-
ual, a measure of difference, in each iteration was based on a comparison of the Reynolds number
between the present and the former iteration. To determine the final convergence of the simulation
a tolerance was decided to 1076, The shear stress was calculated through implementation of the
equations under section 2.5] The shear stress values were converted to SI units from LB-units by
using the equations described in section 2.6] The dynamic viscosity was used as 0.035 Pa-s and
the density as 1050 kg/m>. The pressure gradient was also converted to SI units from LB-units
after the simulations.

4.3.3 Cluster Hebbe

For larger simulations, usually in excess of 15 million nodes, there was a need for more computing
power. To achieve this, simulations were run on the centOS cluster Hebbe at Chalmers University
of Technology, with minor modifications to the simulation code to ease the creation of the necessary
batch scripts to run it.

4.3.4 Insertion of Aneurysm

Since aneurysms have been shown to initiate on areas of high WSS, the corresponding maximum
or high WSS areas were located from the simulations of the chosen geometries. In the located area
an aneurysm was inserted through a construction of a sphere in MATLAB, therefore the general
aneurysm shape was approximated to be a sphere. The diameters used for the spherical aneurysms
can be seen in table 2 The size of the aneurysm was chosen with the information gathered from
section [3.3] as a basis and to test a few different sizes. Simulations were run in the cluster for the
geometries with constructed aneurysms and the same fixed pressure gradient was used as in the
case without aneurysm. The shear stress was then calculated.

Table 2: Diameters of inserted aneurysms

Geometry Aneurysm diameter [mm|

P1 (BGO0O0O1) 0.8
Curvature at Rt ICA (BG0001) 3
Bifurcation at Rt ICA (BG0001) 3
ACom (BG0001) 1.2

P1 (BH0027) 1.6

Rt ICA (BH0027) 1.6

ACom (BH0027) 2.4
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4.4 Validation of Flow Calculations

In order to guarantee correct implementation of the MATLAB code regarding the LBM and shear
stress, different geometries were tested and compared to theoretical velocity profiles from literature.
In the following two sections the completed validation of two- and three-dimensional fluid flow is
presented.

4.4.1 Two-Dimensional Validation

For the 2D validation a geometry with two parallel plates was constructed in MATLAB, initially
excluding buffers, with a length of 101 Lattice Boltzmann nodes (LB-nodes) and a distance of
21 LB-nodes between the plates. A simulation was performed to compute the velocities, and the
velocity profile from the simulation and the literature, see equation , was compared. The shear
stress was computed and the shear stress profile based on the simulations and the literature, see
equation @, was compared. In the equations the parameters were used in LB-units. This was
also done for a plate length of 151 LB-nodes and a plate length of 201 LB-nodes, both cases with
a diameter of 21 LB-nodes. These cases can be seen in table [3] with the corresponding pressure
gradient.

The chosen geometries from the vascular system required a buffer at both ends of the geome-
try to enable the flow boundary conditions to implement accordingly. Therefore, different two-
dimensional cases of varying ratios between the length of the plates and the buffer length was
tested, see table 3] Cases with different ratios between the length of the plates and the distance
between the plates were also tested. The first case with buffer size 20 corresponds to a buffer length
of 40 since it was added to both the inlet and outlet of the geometry. The same computations and
comparisons as previously described were made, using the same equations as the first case of the
two parallel plates.

Table 3: The tested cases for flow between parallel plates

Plate | Buffer Distance Ratio 1, Ratio 2, Pressure

length length between plates bz%]?;ZrlelZg_(t]}tLh distanzéleatlfetiizg:zhplates gradient
[LB] | [LB] [LB] [LB]
101 0 21 - 4.8 2.3-107°
101 40 21 2.5 4.8 2.3:107°
101 60 21 1.7 4.8 2.3-107°
101 80 21 1.3 4.8 2.3-107°
151 0 21 - 7.2 2.3-107°
151 40 21 3.8 7.2 2.3.107°
151 60 21 2.5 7.2 2.3-107°
151 80 21 1.9 7.2 2.3.107°
201 0 21 - 9.6 2.3-107°
201 40 21 5.0 9.6 2.3.107°
201 60 21 3.4 9.6 2.3-107°
201 80 21 2.5 9.6 2.3.107°
101 40 41 2.5 2.5 3.1-1076
201 40 41 5.0 5.0 3.1.10°6

Figure [T1] illustrates the impact of the different buffer lengths, 0, 40, 60 and 80, compared to the
theoretical velocity and shear stress. The velocity profiles and shear stress profiles are constructed
for a cross section for the middle of the plate length when regarding a plate length of 101 and a
distance between plates of 21. The maximum velocity is larger for an increasing buffer length. The
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slope of the shear stress profiles is increasing with a higher value of buffer length. For all cases
the shape of the profiles are equal to the shape of the theoretical profiles. It can be seen that the
points with zero velocity for the simulated profiles are outside of the plate. This is because when
constructing the geometry, the plate is between two points and therefore the velocity at points
right before and after the plate was calculated.
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Figure 11: Velocity profiles and shear stress profiles between two parallel plates with different

buffer lengths, a plate length of 101 and a distance between plates as 21 LB-nodes (authors’ own
images)

The magnitude of the velocity profiles varies for different cross sections of the plate length in the
two dimensional-case, but the profile is parabolic for all cases. This can be seen in figure for
a cross section in the inlet, the middle of the plate length and the outlet. The magnitude varies
because the inlet and outlet are affected by the buffer.
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Figure 12: Velocity profiles between two parallel plates for different cross sections when using buffer
length 40, plate length 101 and distance between plates as 21 LB-nodes (authors’ own image)

Geometries regarding flow between two parallel plates were constructed based on the ratios for the
chosen geometries in the vascular system. The geometries and the ratios can be seen in table [l with
the corresponding pressure gradient for the two-dimensional case. Simulations were run on these
two-dimensional geometries and velocity profiles were created and compared to the theoretical
velocity profiles based on equation .

24



Table 4: Ratios and pressure gradient for the two-dimensional cases corresponding to the chosen
geometries

Corresponding Ratio 1, Ratio 2, Pressure gradient,
late length late length
geometry bszer le’ggth distanie betweegn plates [LB]
P1 (BH0027) 7.6 2.5 1.20-10~7
Rt ICA (BH0027) 7.2 2.1 8.30-10~%
ACom (BH0027) 9.1 5.2 5.96-10~7
P1 (BG0001) 10.8 3.7 1.33-1077
RtICA branching (BG0001) 7.2 3.2 2.49-10~7
ACom (BG0001) 6.0 3.2 5.06-10~7
Curvature (BG0001) 8.1 5.4 9.40-10~7

Velocity profiles for the two-dimensional case with a ratio corresponding to the geometry P1 in
BGO0001 can be seen in figure Both the velocity profile based upon the simulation and the
literature can be seen. Furthermore, the same profiles based on the ratios for P1 in BH0027 can
be seen in figure In both figures there is a small difference in the magnitude between the
velocity profiles, but all profiles are parabolic. In appendix [A] similar results can be seen for the
other ratios corresponding to the chosen geometries, see table [T}
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Figure 13: Velocity profiles between two parallel plates with ratios corresponding to chosen ge-
ometries for a cross section in the middle of the length (authors’ own images)

4.4.2 Three-Dimensional Validation

For validation of velocity and shear stress regarding three-dimensional geometries, straight pipes
were constructed in MATLAB. The size specifications of the pipes are given in table [f] In this
case of validation all geometries were simulated without a buffer, because the buffer effects were
evaluated from the two-dimensional validation. The specifications of the three pipes were chosen
to be similar to three cases of geometries corresponding to arteries in the brain. For each of the
differently sized pipes a simulation was performed and the shear stress computed. The velocity
and shear stress profiles from simulation and literature was compared. The theoretical velocity
profile and shear stress profile were based on equation and , respectively and given in figure
For the equations the parameters were used in LB-units.
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Table 5: The tested cases for flow in a three-dimensional pipe

Length [LB] | Diameter [LB] | Pressure gradient [LB]
401 101 3.4-1076
301 101 3.4-1076
281 141 1.3-10°°

In figure it is possible to see a difference in the velocity profile, especially close to the wall.
This is due to the uneven shape of the geometry used in simulation, see figure Here the
uneven geometry causes a greater contact surface compared to a perfect cylinder and the velocity
is therefore reduced compared to the theoretical case. This affects the shear stress and is seen in
figure [[40] In the middle of the pipe the shear stress aligns with the theoretical values, but close
to the wall a decrease occurs. The two remaining pipes from table [5] are presented in appendix
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Figure 14: Velocity- and shear stress profile in a three-dimensional pipe without buffer, pipe length
401 and diameter 101 LB-nodes (authors’ own images)

120

100

80 4

60 -

40 -

20 +

0 =
120

Figure 15: Geometry of the simulated pipe treated above, pipe length 401 and diameter 101

LB-nodes (authors’ own image)
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4.4.3 Conclusions of Validation

The validation made in the previous sections clearly shows how the buffer size affects the sim-
ulated velocity and therefore the shear stress in extension. This motivated the decision of a
total buffer length of 40 for all the simulated geometries corresponding to arteries in CoW. With
this the deviation from the theoretical velocities was low and the fluid had a chance to resume
geometry-independent flow inside of the buffer. Furthermore, the validation with the ratios defined
correspondingly to geometries showed little to no difference to the theoretical velocity.

Based upon the validation, the methodology was considered to be applicable for further simulations
regarding geometries in the vascular system. This because the general shapes of the profiles are
corresponding to the theoretical. An effect from the geometry and the buffer can be expected as
explained.
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5 Results

The results for the chosen geometries are represented with figures of the WSS, both without and
with aneurysm. The figures also clarify where the aneurysms are placed. Figures that display the
mean shear stress in the flow direction of the geometry and cross sections of the geometry with
the shear stress are also shown in the result. The sizes of the aneurysms can be seen in table [2]

section [4.3.4]

5.1 Comparison of Shear Stress between Geometries with and without
a Constructed Aneurysm

Figure [L6 shows the difference in WSS between the two cases without and with aneurysm in
and respectively. The aneurysm was inserted at a location of high WSS. The maximum WSS
in this geometry was found to be 0.2 Pa. Note that in corresponding figures later in the section
the maximum value of the colorbar will be in the range of 0.12 to 0.86 Pa to display the locally
varying magnitudes of each blood vessel more clearly.
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Figure 16: Wall shear stress for bifurcation at Rt ICA in BG0001, without and with an aneurysm
(authors’ own images)

In figure[I7]it is possible to see the mean shear stress in the artery, calculated in the direction of the
flow. The black and blue curves describe the shear stress in Rt ICA bifurcation with and without
aneurysm. The orange lines represent the cross-sectional area of the artery along the flow direction.
The dashed line indicates the cross-sectional area of the artery with an aneurysm inserted. Here
it is possible to relate the varying mean shear stress to changes in area of the geometry. In general
there is lower mean shear stress where the area is greater and the mean shear stress rises for more
narrow parts of the artery. Globally the mean shear stress rises with an inserted aneurysm, with
a smaller difference where the area is larger and a maximum difference after the aneurysm where
the area of the geometry is low.
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Figure 17: Mean shear stress for bifurcation at Rt ICA in BG0001 without an aneurysm and
with an aneurysm with Reynolds number 0.277 and 0.292 respectively and one LB area unit is
1.502 - 1072 m?2. Average mean shear stress increase is 10% (authors’ own image)

The WSS for Rt ICA curvature can be seen in figure [[8 both with and without an aneurysm. The
aneurysm was inserted in the region of higher WSS which is seen to be located in the part with
lower diameter.

Wss [FI"fa] Wwss [FI'."-a]

(a) Without aneurysm (b) With aneurysm

Figure 18: Wall shear stress for curvature at Rt ICA in BG0001, without and with an aneurysm
(authors’ own images)

The mean shear stress for Rt ICA curvature in the flow direction is higher with lower area for the
case of no aneurysm, see figure[I9] which is seen in figure[I8] The mean shear stress decreased with
an increase in area and also decreased locally where the aneurysm was inserted. It also corresponds
to an increase of area. The mean shear stress increased globally with the insertion of an aneurysm.
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Figure 19: Mean shear stress for curvature at Rt ICA in BG0001 without an aneurysm and with an
aneurysm with Reynolds number 0.0471 and 0.0512 respectively and one LB area unit is 3.844-10~°
m?. Average mean shear stress increase is 10% (authors’ own image)

The WSS of P1 in BG0001 is shown in figure 20} here the WSS is significantly higher than the two
previous treated arteries, now with a maximum WSS of around 0.69 in the case with an inserted
aneurysm.
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Figure 20: Wall shear stress for P1 in BG0001, without and with an aneurysm (authors’ own
images)

In figure [2] there is little to no difference in mean shear stress along the flow direction. The
increase in WSS directly after the aneurysm, seen in figure 20} does not show in this plot since the
mean of the shear stress is calculated.
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Figure 21: Mean shear stress for P1 in BG0001 without an aneurysm and with an aneurysm,
Reynolds number 0.183 and 0.186 respectively and one LB area unit is 1.823 - 10719 m2. Average
mean shear stress increase is 3% (authors’ own image)

The geometry P1 in BH0O027 have an increase of WSS around the inserted aneurysm, which can be
seen in figure compared to This can be due to when the geometry was constructed with
an aneurysm the edges of connection between the vessel and the aneurysm was sharp. Therefore
it is numerical effects of the geometry which cause the higher WSS around the aneurysm.
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Figure 22: Wall shear stress for P1 in BH0027, without and with an aneurysm (authors’ own
images)

The mean shear stress regarding P1 in BH0027 without an aneurysm is higher with a decrease of
the area, see figure 23] This also shows for the mean shear stress with an aneurysm because there
is a decrease in the mean shear stress and an increase in the area due to the aneurysm. There is a
global increase in the mean shear stress with the aneurysm.
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Figure 23: Mean shear stress for P1 in BH0027 without an aneurysm and with an aneurysm,
Reynolds number 0.358 and 0.364 respectively and one LB area unit is 2.074 - 10719 m2. Average
mean shear stress increase is 10% (authors’ own image)

The WSS of Rt ICA BH0027 can be seen in figure and overall the values of the WSS is low
since it is mostly blue in color. A few points can be seen to have higher WSS and for one of these
points the aneurysm was inserted.
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(a) Without aneurysm (b) With aneurysm

Figure 24: Wall shear stress for Rt ICA in BH0027, without and with an aneurysm (authors’ own
images)

Figure [25] illustrates the mean shear stress and the cross-sectional area for Rt ICA BH0027. It
can be seen that the highest mean shear stress occurs near the inlet. Due to lack of space, an
aneurysm could not be inserted there. Inserting an aneurysm so close to the inlet would also cause
it to intercept the buffer and in consequence possibly disrupt the function of the buffer.

There is a decrease in the mean shear stress as the cross-sectional area increases, which can be
seen in figure With an aneurysm inserted the global mean shear stress is higher. Previous
geometries had shown a local decrease in mean shear stress for the aneurysm but not in this case.
This could be due to the aneurysm area in relation to the geometry diameter. The insertion point
is in a part of the geometry where the area increase is relatively high. This could result in the
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effects of the aneurysm not being as prominent because the increase in area is not as large.
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Figure 25: Mean shear stress for Rt ICA in BH0027 without an aneurysm and with an aneurysm,
Reynolds number 0.329 and 0.347 respectively and one LB area unit is 7.896 - 10719 m2. Average
mean shear stress increase is 5% (authors’ own image)

The geometry for ACom for BG0O001 can be seen in figure 26| with the WSS, both without and
with an aneurysm. One difference is the WSS by the aneurysm around 240 in x-direction, because
it is higher than in the case without aneurysm.
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Figure 26: Wall shear stress for ACom in BG0001, without and with an aneurysm (authors’ own
images)

The mean shear stress in figure [27] is locally lower where the aneurysm is inserted but from figure
[26] it is higher WSS by the aneurysm. This can not be seen for the mean shear stress because it
is an average and since the shear stress in the aneurysm is low the effect of the higher WSS is
averaged out. There is a global increase for the case with an aneurysm.
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Figure 27: Mean shear stress for ACom in BG0001 without an aneurysm and with an aneurysm,
Reynolds number 0.301 and 0.296 respectively and one LB area unit is 2.403 - 10719 m2. Average
mean shear stress increase is 2% (authors’ own image)

The WSS of the ACom in BH0027 is shown in figure In the figure it is possible to see a clear
difference between the cases without and with aneurysm, with a higher WSS in the former case.
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Figure 28: Wall shear stress for ACom in BH0027, without and with an aneurysm (authors’ own
images)

Figure [29 shows the difference in mean shear stress between the cases. The difference is greatest
directly after the aneurysm as seen in the previous geometries.
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Figure 29: Mean shear stress for ACom in BH0027 without an aneurysm and with an aneurysm,
Reynolds number 0.275 and 0.437 respectively and one LB area unit is 5.664 - 107 m?4. Average
mean shear stress increase is 77% (authors’ own image)

5.2 Comparison of Cross Sections Regarding Shear Stress, with and
without a Constructed Aneurysm

The increase in shear stress, which occurs for most of the geometries, before and after the aneurysm
insertion can be seen with cross sections of the shear stress for the geometries. Here the cross
sections of P1 in BH0027 can be seen. A small increase of the shear stress can be seen when
comparing figure [30a] with [30b] and figure [30¢ with [0]] These cross sections are located before and
after the aneurysm. The flow near the wall of the aneurysm is stagnant which can be seen because
the shear stress is zero near the wall, see figure B0d] Therefore the contours of the geometry is
shown in the figures in order to see where the aneurysm is. As seen for the mean shear stress the
shear stress is higher in the case without the aneurysm than with, see figure and Cross
sections for the remainder of the geometries can be seen in appendix [Bland the same stagnant flow
near the aneurysm wall can be seen for all geometries.
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Figure 30: Different cross sections in flow direction for the geometry P1 in BH0027, where SS is
the shear stress (authors’ own images)
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6 Discussion

In this section of the report the results are discussed from multiple perspectives including the
connection to medical aspects and the possibility to expand the research in the future. The accuracy
of the model is reviewed with focus on sources of error. Furthermore the ethical consequences of
the study are discussed.

The geometry plays a crucial role in the resulting shear stress which can be seen by the difference
in shear stress between the cases with and without an aneurysm. It was also seen due to the
difference in shear stress when comparing the geometries of the same region, for example P1, since
the vascular systems between the brains have anatomical variations. Additionally, it can be seen
that the cross-sectional area corresponds inversely with the mean shear stress. Since there is a
varying cross-sectional area for the flow to pass through, the velocity changes accordingly which
in turn affects the resulting shear stress.

In the tested geometries a global increase of the shear stress is observed after the insertion of
an aneurysm. Therefore an aneurysm seems to alter the condition of the whole vessel and not
only the part where it is expanding. Due to higher WSS correlating to the initial development
of aneurysms, this could imply that the formation of one could be a cascading event that further
destabilizes the cerebrovascular system. It is noteworthy however, that the magnitude of the WSS
amplification is in certain simulations minimal, therefore conclusions on this subject would warrant
further study within this field. However, assuming that this result can be replicated without some
of the assumptions used in this report, it is a significant finding. These findings could point to the
buildup of aneurysms as a system-wide affliction rather than a local one, and a self-propagating
cascade at that.

The general flow environment of the geometries with inserted aneurysms displays similarities to
previous studies that link aneurysm growth and rupture to low WSS, as described in section [3:3.2]
The flow inside the aneurysms shows slow recirculating flow patterns, a type of secondary flow.
Due to the geometry and placement of the inserted aneurysms, less blood flows into the aneurysm
since the majority of the blood mostly follows the main direction of the blood vessel. The reduced
blood flow inside the aneurysm causes blood stagnation and low WSS inside of it. In fact, the
simulated results showed near zero velocities at the bottom of the aneurysm dome, with only a
small recirculating flow in the dome. This aligns with general properties of Stokes flow, with small
recirculation zones forming inside edges of cavities. At higher Reynolds number, the recirculation
zone would still persist, but its shape and magnitude would be altered. The resulting flow patterns
from the simulations therefore give a general idea of how the blood flows with an aneurysm present,
and coincides with previous studies that have found low WSS inside aneurysms.

While the flow environment can vary a lot depending on the geometric structure of the blood
vessel and its neighboring vessels, none of the geometries that are used in this project have any
flow paths with impinging flow into an aneurysmal sac. The absence of impinging flows is also seen
by the fact that no high WSS occurs inside any of the aneurysms, which is the prevalent effect
from impinging flows.

The methodology for the simulations has been shown to be applicable for the purpose of calculating
the shear stress for different geometries. It was also possible to modify the geometries by virtual
insertion of aneurysms that were approximated as spheres. This could open up further possibilities
of using other types of modifications on vascular reconstructions such as other classes or shapes of
aneurysms, or studying other vascular disorders that affect the geometry of blood vessels. Therefore
the methodology could be applied to research a wide range of vascular disorders other than just
aneurysis.
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6.1 Accuracy of Model

One factor that could have affected the results is the images from the MRI scans that served as
a basis for the image reconstruction. The images from the MRI may not always be fully accurate
if they contain noise or have missing details of the vessels. One solution to this could be to take
several, repeated MRI scans of the same brain to see if the images would differ. The subsequent
3D reconstruction from the images could also have affected the results due to the manual choice of
thresholds when extracting the vasculature. The chosen threshold values were considered optimal
via tests of different values to observe which gave the clearest geometries. It was therefore a
subjective choice and there is no guarantee of there being no noise or geometrical inadequacies
in the reconstructed blood vessels. However, the geometries are still constructed from real MRI
images and reflect the reality more than ideal models of blood vessels.

It is important to point out that simplifications have been made in the simulation of the velocity
distribution. This includes the approximation of blood as a Newtonian fluid which contradicts the
physical reality of blood flow. As described in section [£.3.1] the non-Newtonian effects on blood
in larger arteries are mostly negligible. Yet, these simplifications will affect the final results and
bring uncertainty to the connection between obtained results and the more complex reality.

Another approximation which may affect the accuracy of the model is the decision of the pressure
gradient for the blood flow. This was chosen depending on the specific geometry and limited to only
one direction, in reality the blood flows in a more complex way. The flow could occur in a diagonal
direction and therefore in x-, y- and z-direction and this was not taken into consideration. One
example of a diagonal flow can be seen in ACom in BG0001, see figure[7d] Here the flow is pushed
solely in the x-direction, but the blood would actually flow in a more complex direction. The flow
also needs to be pushed in either positive or negative direction. However, for these simulations
the sign of the direction did not matter due to the approximation of Stokes flow, since this implies
time-reversibility.

The fixed pressure gradient could be a source of error and could be a part of the reason for the
observed increase in shear stress in the geometries, post aneurysm modification. This observation
can be explained by the combination of equation and an unchanging velocity profile in most
of the geometry. This, since 4.y will increase with a constant %—5 and increasing area. The
increased velocity in cross sections where the area has increased will then propagate out into the
larger geometry, raising the overall mean velocity. Raising the mean velocity without changing the
velocity profile, in most of the geometry, gives rise to a larger magnitude of shear stress. Hence,
further research into this area is urged to do away with this pressure model and instead adopt,
transient or not, pressure based boundary conditions.

6.2 Future Research

Future research could aim to compensate for some of the approximations used in this study. For
example, the introduction of non-Newtonian fluid properties for blood would allow a more accurate
representation of blood viscosity. When simulating a non-Newtonian fluid the blood viscosity is
dependent upon the shear stress, and would therefore need to be iteratively updated as the solution
is formed. This will predictably affect both the velocity and the shear stress profile, due to blood
being shear-thinning.

Another topic for further research could revolve around the construction of a LBM model that does
not use a fixed pressure gradient, and subsequently the implementation of a pulsating or transient
flow. Pulsating or transient flow was not taken into consideration in this study since aneurysmal
changes of the vascular system are usually not linked to sudden events, but rather something that
develops over time. Hence it may seem reasonable to approximate blood flow as steady to study
the time-averaged hemodynamic effects. While that assumption may seem reasonable, it could
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still be a dangerous simplification since it does not mirror the precise behavior of blood flow, and
the pulsatile effects could play a bigger role than what is currently known.

Future research could also include comparisons with experimental measurements of the shear stress
in order to further validate the observed effects. Another possibility could be to perform simulations
on vessels with a real aneurysm instead of a constructed one. This could be of importance to see
if the virtually constructed aneurysms correspond to the reality. However, this would require MRI
images from a patient with a cerebral aneurysm, which was not acquired in this report.

Additionally, future research could include simulations with higher Reynolds values in order to be
more representative of actual hemodynamic values for flow in arteries and veins. This would make
it possible to compare numerical values with other external studies’ results of velocity and WSS.
Using higher Reynolds values with the current methodology and code used in this project would
require more computational power and longer simulation times. Therefore it was not done for this
study. If simulating with a higher Reynolds number the flow would not be defined as Stokes flow
and therefore it is important that the direction of the fluid corresponds to the real flow direction
in the vessels.

6.3 Ethics - The Use of In Silico Techniques as Alternatives to Animal
Testing

The ethical aspects of animal testing within the scientific field have for a long time been a cause
for controversy. In vivo testing that uses animals, has existed as a tool for medical and biological
research since the dawn of medicine. It has led to significant discoveries and the development
of modern day medicine. Arguments about the unethical treatment of animals in research have
arisen in parallel, and guidelines and legislations have been created in response to this, with the
intention of controlling the number of experiments conducted. Despite that, millions of animals still
undergo experiments each year [60]. With the increased knowledge on how to simulate biological
environments computationally, in silico, there is a possibility that the need for animal experiments
is reduced. And in the future in silico may, along with in vitro testing, be developed enough to
completely abolish animal testing.

A lot of important breakthroughs in medicine have been made possible due to the biological
similarities between humans and animals. The development of vaccine or treatment of type 1
diabetes are examples of medical breakthroughs that would not have existed without the animal
experiments that were conducted [6I]. It ended up saving not only millions of humans, but also
animals [62] [63], and shows that the use of animals has played a critical role in medicine.

However, animal testing does not always give correct results. Since physiological differences do
exist between humans and animals, the results from animal experiments are not always applicable
to humans. An example of this is the case of the drug thalidomide that had been tested on animals
and therefore judged safe for humans. It led to devastating consequences; pregnant women who
used it to combat nausea ended up giving birth to children with severe birth defects [64]. Due
to the differences in physiology, a lot of studies that use animals still end up without any actual
useful results because it is simply not possible to bridge the gap between animal and human [65].

Because of an increased consideration for animals in research, several guidelines and legislations
have been put in place to minimize the amount of animal experiments or at the very least minimize
their suffering. One common guiding principle is the "3Rs" that was created in 1959 by W. M. S.
Russell and R. L. Burch [66]. It aims to instill humane use of animals in scientific research and
consists of the three following objectives:
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1. Use methods which avoid or replace the use of animals
2. Use methods that minimize the number of animals used for an experiment

3. Minimize the animals’ suffering and improve their welfare

These three principles’ connotations are imbued in several other guidelines and laws such as EU
directives [67] and Sweden’s animal protection law [68] whose contents are similar to what is stated
in the 3Rs.

Using alternative methods, such as experiments in silico or in vitro, connects to the first principle
of the 3Rs. In this project, no animals were directly used or harmed since the methods were done in
silico through software simulations that reconstruct human vasculature. Indirectly though, certain
values that have made the computational modeling possible were acquired from past research data
that had experiments done on animals. Yet, knowledge and technology is developing fast, and
while in silico techniques are often used in conjunction with values from in vivo experimentation,
it could overall still reduce the use of animal experimenting if computational methods have enough
data and become advanced enough to give full accuracy.

Another alternative form of testing is in vitro. It refers to the study of biological processes in
controlled laboratory settings outside of their normal context. An example of this is the recent
development of simulating the microarchitecture and function of living human organs on a small
chip that inhabits a cell culture [69]. In vitro testing allows for a substance to be studied safely
without animals or humans being subjected to the possible side effects, all the while having an
increased accuracy because humans instead of animals can be examined. The drawback of in vitro
is that it remains a challenge to extrapolate the results from in vitro back to the entire organism
being studied, since a lot of biological interactions and networks were eliminated in the isolation
process. Although if in vitro methods are developed accurately enough, it could end up being an
optimal method to use along with in silico techniques and could grant far more accurate results
than what can be obtained from animals.

Today, animals are still essential in medical research because alternative methods are not yet
sufficient to fully replace the usefulness of animal models. However, if open and nuanced ethical
discussions continue within the scientific field, along with legislations and guidelines that encourage
the development of alternative methods, such as the one used in this project, a probable outcome
could be a decrease in animal testing.
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7 Conclusion

The aim of this work was to analyze the effects of a constructed aneurysm on the shear stress. To
ensure credibility of the method a number of validations were made. In conclusion the validations
showed, based on comparison with literature, that the methodology was considered useful for
further simulations. The conclusion from the simulations is that the insertion of a constructed
aneurysm in a blood vessel led to a global increase in shear stress for the selected geometries.
Therefore the aneurysm did not only affect the local area where it was inserted but also had a
global effect on the entire vessel. The global increase could lead to a cascading effect initiating
more aneurysms. Future research could include compensation for the approximations made in this
report, for example by investigating non-Newtonian fluid and simulations with higher Reynolds
numbers.
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A Validation Results

Additional validation results can be seen in this section, this is regarding both two-dimensional
and three-dimensional validation. The rest of the cases from table Bl which are not shown in section
[f:4T] can be seen. Furthermore, the remainder of the cases corresponding to the chosen geometries,

see table E[, can also be seen. The three-dimensional cases shown are the rest of table E] which are
not shown in section 4.4.2

A.1 Two-Dimensional Validation

The velocity profiles for flow between two parallel plates have an increasing maximum value with
an increasing buffer length. The slope of the shear stress profiles is also increasing with a higher
value of buffer length. This can be seen in both figure B1] and 32 for plate length 151 and 201

LB-nodes, respectively. Both cases with a diameter of 21 LB-nodes and for a cross section in the
middle of the plate length.
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Figure 31: Velocity profiles and shear stress profiles between two parallel plates for a cross section
in the middle of the plate for different buffer lengths with a plate length of 151 and a diameter of
21 LB-nodes (authors’ own images)
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Figure 32: Velocity profiles and shear stress profiles between two parallel plates for a cross section
in the middle of the plate for different buffer lengths with a plate length of 201 and a diameter of
21 LB-nodes (authors’ own images)

In figure [33| the velocity profiles and shear stress profiles can be seen for two different plate lengths,
101 and 201 LB-nodes, with a diameter of 41 LB-nodes. With an increasing diameter and therefore
an increasing ratio between the plate length and the diameter, the velocity profile is closer to the
theoretical profile in magnitude. This applies both to the velocity and shear stress profile.
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Figure 33: Velocity profiles and shear stress profiles between two parallel plates for a cross section
in the middle of the plate for different plate lengths, 101 and 201 LB-nodes, a diameter of 41 and
a buffer length of 40 LB-nodes (authors’ own images)

A parabolic velocity profile was obtained for the different cases regarding flow between two parallel

plates. This can be seen in figures [34K36| for the ratios corresponding to the chosen geometries
except for P1, both in BG0001 and BH0027, which can be seen in figure [I3] instead. A small
difference between the simulated cases and the theoretical profiles can be seen.
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A.2 Three-Dimensional Validation

Figures and shows the velocity profiles and shear stress profiles for two three-dimensional
pipes with different length and diameter. Both cases were without a buffer. A small deviation
between the simulated and the theoretical velocity profiles can be seen, particularly near the wall.
There is a difference between the simulated and theoretical shear stress profiles closer to the wall,
the simulated profiles show a decrease in shear stress near the wall. The difference both in velocity

profiles and shear stress profiles are due to an uneven geometry shape, which can be seen in figure
for a similar pipe.
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Figure 37: Velocity profiles and shear stress profiles in a 3D pipe for a cross section in the middle
of the pipe in length and height direction, length 301 and diameter 101 LB-nodes (authors’ own

images)

Distance from center [LB]

~ %= - Simulation
Theoretical | ]

Velocity [LB]

(a) Velocity profiles

~
=}

Distance from center [LB]
= N W Bog
o O o o o o o

@ @ koW N =
S & © S o

70

Simulation
Theoretical |

(b) Shear stress profiles

L .
35 4

x10°

Figure 38: Velocity profiles and shear stress profiles in a 3D pipe for a cross section in the middle
of the pipe in length and height direction, length 281 and diameter 141 LB-nodes (authors’ own

images)
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B Cross Sections with Shear Stress in the Chosen Geometries

Cross sections before, in the middle of and after the aneurysm is shown here for all geometries
except for P1 in BH0027, see figure in section For all inserted aneurysms the shear stress
is zero near the aneurysm wall and therefore it can be seen that the flow is stagnant at these
locations. For ACom in BH0027 the increase in shear stress before and after the aneurysms can
be seen, see figure [43]
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Figure 39: Different cross sections in flow direction for the geometry bifurcation at Rt ICA in
BGO0001, where SS is the shear stress (authors’ own images)
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Figure 40: Different cross sections in flow direction for the geometry curvature at Rt ICA in
BG0001, where SS is the shear stress (authors’ own images)
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Figure 41: Different cross sections in flow direction for the geometry P1 in BG0001, where SS is
the shear stress (authors’ own images)
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Figure 42: Different cross sections in flow direction for the geometry ACom in BG0001, where SS
is the shear stress (authors’ own images)
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Figure 43: Different cross sections in flow direction for the geometry ACom in BH0027, where SS
is the shear stress (authors’ own images)
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Figure 44: Different cross sections in flow direction for the geometry Rt ICA in BH0027, where SS
is the shear stress (authors’ own images)
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