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ABSTRACT
SENSITIVITY ANALYSIS OF GEOMETRY CHANGES IN THE SIMULATION OF BASILAR ANEURYSMS
by

Paul Eserkaln

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Professor Vitaliy Rayz and Professor Anoop Dhingra

Computer simulation is a useful tool in the research and treatment of basilar aneurysmes.
Current technology allows researchers to create 3D models from cerebral vasculature in-vivo,
allowing for the investigation of surgical options with minimal risk to the patient. The method
used to construct these models overlooks smaller lateral arterial branches which are difficult to
discern due to resolution limits of the imaging process. These lateral branches have minimal
impact on the overall blood flow through the basilar artery, but they play a significant role in
the health of the patient, so it is important to ensure sufficient blood will reach them after
treatment is performed.

In order to simulate the flow through the basilar artery and its branches, these smaller
vessels must be added to the model manually. These lateral branches vary widely in size,
location, and quantity between patients, but the resulting blood flow patterns through the
basilar artery are relatively consistent.

The purpose of this thesis is to gain a better understanding of how differences in the
modeling of these lateral branches will affect the overall blood flow patterns both through the

basilar artery and the branches themselves. The results of this investigation will help



researchers to make more accurate models when simulating the flow through these lateral
branches.

The study was performed through a series of simulations in which the geometric
variables in these branches: length, size, quantity, and location were altered and compared. A
second set of simulations was performed to further investigate the use of a constant resistance
as a replacement for artery length.

The results of the study show that the flow resistance due to the length of an artery
could be approximated using a constant pressure, but some wall length must be present in the
model to avoid causing a flow disturbance. The location of the vessels did not appear to have a
significant impact on the flow patterns. Increasing the number of arteries results in an overall
increase in outlet area, which causes a reduction in blood velocity exiting the basilar artery. No
other significant changes in the flow patterns were observed. Altering the size of the vessels
had a similarly predictable change in flow distribution, with a greater increase in flow per area
increase, which follows Poiseuille’s model for laminar flow through tubes.

The results from the second series of simulations verified that modifying the static distal
pressure at an artery could accurately replace adjusting the artery length. These studies
showed the importance of accounting for the flow distribution, the recirculation regions, and

the flow mixing when determining this distal outlet pressure.
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1. Introduction

Throughout the past several decades, there have been vast improvements in imaging,
modeling and simulation technology. These advances have proven to be valuable tools,
allowing medical practitioners to diagnose the condition of a patient and assess various options
without the need for invasive examination or an experimental treatment plan.

When performing a computer simulation of physiology, the more accurate the
representation of the system, the more useful the simulation results will be. As technology
advances, simulations can be performed with greater detail, including smaller and smaller
features. There are always limits; a minimum size that can be accurately imaged, and a
maximum complexity that can be reasonably simulated.

In situations where the size of the features of interest fall below the resolution of the
scan but are not beyond the capabilities of the simulation method, approximate versions of
these items can be added to the model.

The size and shape of these features can be estimated using data from previous studies,
often taken from cadavers. This data will be in the form of statistical averages, not exactly
matching the physiology of the patient, but hopefully being close enough for accurate results.

This thesis seeks to identify the effect of changing such things as the size, shape, and
location of some of these user-created features in a biological simulation; specifically a

simulation of the flow near and around an aneurysm in the basilar artery.



1.1. Problem Statement

The purpose of this thesis is to determine how various geometric parameters in the
models of the lateral branches of the basilar artery will affect flow behavior in simulations of
fusiform basilar aneurysms, both within the basilar artery as well as within the lateral branches
themselves. The goals are to identify the key factors governing the flow patterns, determine
the relative sensitivity of the flow to changes in the different parameters, and identify major
pitfalls or requirements involved in adding these features to the models.

1.2. Anatomy

Blood flows into the brain through four primary arteries which merge into a network
known as the Circle of Willis (Figure 1-1) which distributes blood to the majority of the brain.
The area of interest in this thesis is the basilar artery, which is just below the posterior region of
the Circle of Willis. The basilar artery is the junction of the two vertebral arteries (VAs) before
they merge into the Circle of Willis. The arteries exiting out from the apex (superior part) of the
basilar artery are the two Posterior Cerebral Arteries (PCAs) and the two Superior Cerebral
Arteries (SCAs). The majority of the blood flowing into the basilar artery exits through these
four outlets to join the Circle of Willis or continue to other portions of the upper brain.

As blood flows through the basilar artery, some portion of it is supplied to the brain
stem through smaller arteries which branch from of the basilar artery laterally. These are
broadly categorized as the larger Anterior Inferior Cerebral Arteries (AICAs) and smaller Pontine

Perforators (perforators).
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Figure 1-1: The Circle of Willis

The perforators supply blood to the region of the brain called the pons, which is
responsible for the control of many base functions including, taste, facial expressions,
respiration, and sleep. The AICAs primarily provide blood to the regions affecting hearing and
balance. In normal physiology, there are two AICAs and many pontine perforators. The
number and location of perforators can vary significantly from person to person, and their
location can be further shifted by a change in the basilar artery, such as the formation of an

aneurysm.



1.3. Background - Cerebral Aneurysms

An aneurysm is an abnormal bulge in an arterial wall. Although their exact cause is not
clearly understood, they develop through a combination of abnormal hemodynamic forces and
weak arterial walls, generally forming at locations of branching points (1) (2). They can impinge
on surrounding tissue, cause thromboemboli, and at times, can rupture, causing hemorrhage.

Due to their location, cerebral aneurysms pose increased risks. Even without the risk of
embolism or rupture, the pressure from an enlarged artery can cause other neurological
symptoms in the patient (2). Additionally, due to their location, diagnosis and treatment can be
difficult, and treatment can often lead to worse outcomes than leaving the aneurysm alone (3).
This risk has reduced in recent years (4), due in part to the use of physical modeling and
computer simulations. Any improvement in the quality of the models and simulation methods
will further reduce these risks.
1.4. Simulations as a Predictive Tool

As technology has advanced, it has become reasonable to not only simulate the existing
flow patterns but to make modifications to the model to explore different surgical procedures
to treat cardiovascular lesions such as aneurysms (5). Simulating surgeries based on actual
patient geometry allows a surgeon to plan ahead, selecting the surgical option which will have
the greatest chance of success.
1.5. Limitations of Previous Studies

By their nature, simulations require the use of assumptions to simplify their scope.

Assumptions allow for the faster generation of results and a more focused analysis in an area of



interest. These assumptions can take the form of using only part of a system or taking certain
physical phenomena for granted.

In previous simulations of basilar aneurysms, the common practice is to ignore any
vasculature too small to significantly impact the flow patterns through the basilar artery (6) (7).
If the goal of the study is simply to analyze flow pattern changes near basilar aneurisms due to
different surgeries, this is a safe assumption.

Research has shown that, although the overall flow patterns are largely unaffected by
the inclusion of this smaller vasculature, the volume of blood reaching this vasculature must
also be considered when reviewing surgical options (8). Alterations to the flow patterns to
alleviate the aneurysmal symptoms can be unintentionally detrimental to the proper volume of
blood reaching the lower regions of the brain.

1.6. Study Approach

The smaller arterial branches of the basilar artery are too small to accurately discern
from the noise and artifacts inherent to present-day scanning methods (9). Including these in a
simulation requires manually adding them to the model. The size and shape of these features
can be estimated based on previous research and experience, but they vary in size, quantity
and orientation between individuals. The differences in these parameters could cause different
flow patterns and flow rates both through these features and throughout the entire basilar
artery.

The studies performed in support of this thesis evaluate the sensitivity of several of

these parameters. The diameter, length, location and quantity of the manually generated



arteries are each assessed individually by comparing two or more models with the parameter
under investigation being the only change.

To determine the impact of these changes on the resulting flow patterns, the results of
the studies will compare flow patterns, flow distribution and wall shear stress (WSS) differences
among other indicators.

1.7. Study Limitations

The studies in this thesis are comparative in nature. The findings demonstrate a trend
related to the parametric change such as an increase or decrease in flow rates, changes in flow
circulation patterns or WSS differences between simulations performed on two or more
variations of a model. This thesis is not intended to match actual performance of the patient
or any physical model.

Any assumptions made when setting up the studies should not affect the interpretation
of the results. The findings should be valid for a more complex system, so long as the
assumptions remain consistent throughout the simulations in each of the studies.

1.8. Applications

The primary focus of this thesis is to improve the understanding of the methods
currently used to create models for use in blood flow simulations. The methodology given here
will allow researchers to make better decisions when creating model geometry, leading to more
robust results from their simulations.

Alternatively, the results of these studies can be used as a starting point for more
advanced research. With sufficient data, these geometries can be used to fine-tune the

simulation to match the flow patterns present in the patient more accurately.



1.9. Organization of Material

Chapter 2 reviews previous approaches to the simulation of vascular systems and
outlines their methods, conclusions, and limitations. It acts as the foundation for this thesis
and helps clarify the purpose of the studies and the reasoning behind much of the
methodology.

Chapter 3 outlines the methods of model generation and the approach to the studies.
The first section describes the vasculature in this region in a typical person. The second section
gives a description of the models used in the simulations, including how the data was acquired
and how the models were created. Also defined are assumptions made during the modeling
process, any changes, removals or additions to the geometry, and the details and justification
of the mesh used for the Computational Fluid Dynamics (CFD) process. Next is an overview of
the numerical theory behind the simulation process. The final part of the chapter describes
each of the studies, both the models used and the parameters changed for each simulation.

In Chapter 4, the results of the simulations are presented and briefly discussed. The first
half of the studies investigates the sensitivity of variations in the four identified geometric
factors; length, quantity, diameter, and location of the lateral arteries.

The studies in the second half of Chapter 4 investigate the use of a resistive force
applied at specific outlets to adjust the flow patterns.

In Chapter 5, the results of the simulations are discussed, with recommendations for

additional studies where the results seem uncertain.



2. Literature Review
2.1. Overview

Technological advances over the years have improved our capabilities for imaging
human vasculature as well as modeling and predicting its behavior. With the advent of these
tools, as well as improved surgical techniques, surgeries to remedy vascular diseases have a
much higher rate of success (10). There are limitations with the methods, and there is always
room for improvement.

It is essentially impossible to match human vascular performance in a simulation
perfectly, so it is up to the researcher to determine what is necessary to their study and make
appropriate assumptions to allow for a more focused study. It is important to learn from
previous research, to determine which assumptions can be made and which aspects can be
omitted when performing any new investigation.

This chapter is a review of previous analysis and simulation of basilar aneurysms and
similar vasculature. The literature selected establishes a timeline of various approaches leading
up to the current methodologies. These previous studies give reasoning behind the methods
and assumptions used in the studies performed in this thesis.

2.2. Aneurysms
2.2.1. Cerebral Aneurysms

Cerebral aneurysms can be grouped into three categories: saccular, fusiform and lateral.
Saccular aneurysms are the most common; typically forming at the bifurcation of a “Y” junction
in the vasculature, most often at the base of the brain. They take the form of a pouch-like sac,

with a narrow “stem” where they attach to the artery.



Fusiform aneurysms present themselves as an overall swelling of the artery in all
directions. They seldom rupture but may impinge on surrounding tissue.

Lateral aneurysms appear as a bulge on one side of the blood vessel, more localized
than a fusiform aneurysm but without the formation of the sac present in a saccular aneurysm.
They tend to form at locations of arterial curvature rather than branches. Lateral aneurysms

are often identified as a subset of fusiform aneurysms (11).

Saccular Aneurysm

Fusiform Aneurysm

Figure 2-1: Saccular and Fusiform Aneurysm



Approximately 10% of cerebral aneurysms develop in the region of the basilar artery.
The majority of these can be found in the basilar artery itself rather than in any of the
branching vessels (12).

2.2.2. Surgeries

There are several general approaches to aneurysm treatment; coiling, clipping, stenting
and bypass surgery are common (12). Most of these are well suited for treating saccular
aneurysms. In the case of fusiform aneurysms, clipping is the preferred surgical method, but
bypass surgery is an option when an aneurysm cannot be clipped without affecting the distal
flow.

Due to the sensitive location and small lateral branches, aneurysms in the basilar artery
are particularly difficult to treat. Care must be taken with any procedure to avoid
compromising flow to the brain stem. Standard clipping procedures tend to restrict the flow
significantly, so flow bypass procedures are often used instead (13).

The goal of bypass surgeries is to reduce the blood flow through the aneurysmal vessel,
with the intent of inhibiting the progression of the disease. With restricted flow, a protective
layer of thrombus will form, slowing or even stopping the future growth of an aneurysm. These
procedures alter the blood flow patterns, either by decreasing the number of outlet arteries or
by changing the flow direction entirely. It is crucial that any new flow pattern supplies
sufficient blood to the vessels in the basilar region and that the resulting thrombus does not
obstruct flow to the brainstem perforators.

Any treatment carries a risk of worsening the condition of the patient, so it is best to

only attempt treatment on patients with the highest risk of aneurysm rupture (14).
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2.2.2.1. Simulation Methods

Before the 1990s, most investigations into cerebral aneurysms and their development
had been conducted post-mortem, but modern advances in imaging technology have allowed
us to gain a better understanding of these lesions and make progress in their diagnostics and
treatment.

2.2.3. Numerical Study of Cerebral Vasculature

The human vascular system can, in broad terms, be described as a complex system of
pipes. The pipes work as a distribution network, branching in a pattern can be approximated by
a bifurcating fractal tree system (15). Because of this, the earliest examinations of the vascular
system were performed using flow theory described by Bernoulli, Poiseuille and the Navier-
Stokes equations which were developed for general purpose fluid dynamics calculations. The
use of such equations in their basic form assumes rigid vessel walls, Newtonian behavior of
blood, and ignores the pulsatile nature of blood flow.

In large arteries, the vessel size is sufficiently greater than that of the blood cells so
using a non-Newtonian fluid model is a safe assumption. In smaller vasculature, the cells are
large enough relative to vessel size to affect the fluid properties, and viscous effects begin to
gain dominance over the flow behavior. The non-Newtonian nature of blood starts to become
significant at this scale.

The pulsatile nature of blood flow is less apparent in smaller vasculature than in larger

vessels, so can more easily be ignored when using these equations at a smaller scale.

11



In the 1950s, Womersley performed studies using elastic tubing to simulate vasculature
(16). The purpose was to try to emulate blood flow using a flexible tube wall. The results of his
research showed that when simulating a region of vasculature, numerical factors could be
applied to the outlets which would emulate an elastic response to inlet pressure from any
downstream arteries. His research led to the Womersley Number, which is used to compare
the pulsatile frequency with the viscous effects in blood flow. His work was one of the first
analytical models for the study of biofluids.

Building on this initial work, several ensuing studies (17) assumed a constant resistance,
in the form of a distal pressure, applied at the model outlets. The term distal pressure is used
to describe a pressure which represents the resistive force of downstream features. A constant
resistance assumes the pulse frequency and downstream conditions to be in phase, which is
not the case in larger arteries. This approach is, however, valid in smaller arteries.

Olufsen (18) demonstrated that the effect of downstream vasculature should instead be
emulated as impedance rather than a static value. This work still assumes an elastic behavior of
the arterial walls but also accounts for the pulsatile behavior of the flow which had not been
addressed in earlier work.

The work by Vignon-Clementel et al. (15) shows using impedance is far more accurate,
but requires 6 or more cardiac cycles to establish a periodic solution, while the solution using a
constant pressure becomes periodic within 2 cycles. Generating an accurate impedance model
requires direct data from the patient or a complex model to estimate of the downstream

vasculature.
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The constant pressure approach is used for the simulations in this thesis. In regions of
very small vasculature, where the downstream branches transition into capillary flow, the use
of a constant pressure gives reasonable results.

2.2.4. Physical Models of Aneurysms

The earliest approach to the simulation of flow behavior in the cerebral vasculature was
the use of physical models. Constructing approximate models from tubing and other
components has been performed since the 1950s. These models had their limitations and were
primarily intended to replicate idealized, healthy patient physiology. There is significant
variation among patients with aberrant vasculature, such as an aneurysm, so it becomes
impossible to create a predictive model which would work in all situations. Actual patient
models are required to study the blood flow patterns through aneurysms.

The initial approach to this type of model creation is to make a cast of the patient’s
vasculature post-mortem and create a model using a polymer. The polymer used was based on
the phenomena being studied. If the elasticity of the vasculature is a significant factor, the
model would be made of an elastomer. An example of such a simulation is described in the
paper by Chong et al. (19). In studies where the visualization of flow patterns is important, the
researchers use a transparent resin, which allows for a tracer agent or other method to be
utilized to observe swirling and stagnation in the model. An example of a study using such an
approach is the research performed by Imbesi and Kerber (20).

Although useful to study the flow patterns in aneurysms in general, these models are

limited in that they pertain to one single patient, who is already deceased. More casts can be
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made to get a wider range of sampling, but given that every patient has significantly different
vasculature, this would still have limited use.

The ideal situation would be to get the exact geometry for the patient to be treated
while they are still alive, which requires better tools for acquiring such geometry without
adversely affecting the patient.

2.2.5. Imaging Methods

Many imaging methods have been used to analyze cerebral vasculature over the years,
which are discussed at length by others (21). Presently, the most common methods used for
imaging of these types of lesions are computed tomography angiography (CTA) and Magnetic
Resonance (MR).

There are several MR methods, each targeted toward a specific tissue or fluid. MR
angiography (MRA) is used to evaluate blood vessel geometry. Standard MRA methods are not
ideal for to determine fluid flow behavior, so a phase-contrast magnetic resonance imaging (PC-
MRI) method is used for the transient data.

Due to their small size, the lateral branches of the basilar artery are not accurately
represented in these images. Higher resolution angiography and 3D rotational techniques are
being investigated to improve the ability to capture these geometries, but even these are
limited in what they can render (9).

2.2.6. Computer Modeling and Simulation
By the early 1990s (22), computers and imaging technologies had advanced sufficiently

to allow researchers to perform computer simulations.
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These early studies (23) made a point of highlighting the limitations of tools of the time.
From a modeling standpoint, transient flow data was difficult to obtain with the imaging
methods at that time, so flow data from patients with similar physiologies was used. For the
simulations themselves, the limiting factor was often computational power, forcing the
researchers to simplify their models. These first models consisted of simple cylinders and
straight tubes. The over-simplified models tended to underestimate the WSS and oversimplify
the flow patterns (24)

By the 2000s, imaging technologies and computational capabilities had both advanced
sufficiently to allow for simulations with patient geometry derived in vivo (23). The imaging
process benefitted from the use of improved methods in rotational angiography. A series of 2D
scans could be performed on a patient at set distances from each other. These “slices” could
then be combined into a 3D version of the scan in a process known as Image-Based Modeling.
As early as 2003, researchers have been able to perform simulations using geometry based on
actual patient scans taken in vivo (23). The ability to transition from patient scans to a 3D
model started a shift from computer simulation being used primarily for research towards its
use to diagnose and treat living patients (25).

For the first time, the results from computer simulations could be compared with direct
angiographic imaging (26). The results were positive, showing an accurate representation of

complex flow structures.
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2.2.7. Improved Capabilities

In more recent years, the capabilities of both imaging technologies and simulations tools
continue to improve dramatically, allowing for a more accurate use of CFD as a tool for
diagnosing and treating cerebral aneurysms (10) (27).

With the advent of high-quality rapid prototyping technology, the capability of making
physical models has also improved. These models can be used to compare the results from
computer simulation to a physical representation (28) (29) (30), allowing for more confidence in
the results of both.

New methods of medical imaging are also being investigated to improve the quality of
what data can be acquired from the patient, with higher resolution (9) and more accurate
determination of velocity and flow patterns (31) being researched. The implementation of the
data from these new techniques will improve the quality of the simulations over time.

2.3. Summary

The work reviewed in this chapter gives an overview of the physiology involved and

provide both a background into the study of the simulation of basilar arteries, and provide

precedent for many of the assumptions made in the following chapters.
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3. Study Development: Theory, Modeling, and Simulation Procedure
3.1. Introduction

This chapter offers an overview of the physiology of the area of the study, a description
of the models and model construction, the numerical theory used in the solution methods and
a description of the studies performed. The studies themselves and their results will be
described in the next two chapters.

Section 3.2 describes the specific details of the anatomy of the basilar artery, building
off of the broad overview in Section 1.2. The background for the determination of the size and
location of the added geometry is given, and any assumptions made to simplify the simulations
are defined.

Section 3.3 describes the patient geometries used in the simulations as well as the
methods employed to create the models and generate the model meshes.

Section 3.4 begins with the mathematical background for CFD and then describes how
the ANSYS software is configured based on this mathematical theory and how it applies to
these simulations.

The chapter finishes with section 3.5, which gives an overview of each study. In each
case, it specifies which model and model versions are used, the parameters being investigated,
and any additional settings specific to that study.

3.2. Physiology
3.2.1. Blood Vessel Data
Table 3-1 lists the size ranges typically seen in the vasculature being analyzed in this

study as well as the general sizes of some typical vasculature for reference (32) (33) (34) (35).
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The information from this table is used as a rough guideline for creating the user-made

geometry in the models.

Table 3-1: Geometries of Typical Vascular Features

Diameter (mm unless noted)
Feature

Average S.D.
Capillaries (for scale) 0.005 -
Red Blood Cell (for scale) 0.007 -
Length of Basilar Artery 29.9 0.29
Diameter of Basilar Artery 3.59 0.38
Vertebral Artery (left) 3.23 0.57
Vertebral Artery (right) 2.95 0.47
AICA 1.26 0.43
SCA 1.56 0.44
PCA 2.52 0.36
Perforators (dia) 0.282 (not available)
Perforators (qty) Left 4.8 0.83
Perforators (qty) Right 4.5 0.75
Perforators (qty) Total 9.2 1.19

Referencing Figure 1-1, the primary arteries of interest in this thesis are the vertebral
arteries, the PCAs, the SCAs, the AICAs and the perforators. Note that the total quantity of
perforators is typically in the range of 20, but the study used for that data only accounted for
perforators above a certain size. (33)

For several of the studies, the target performance is based on the ratio between the
blood exiting the apex and that exiting the lateral branches. This ratio can be estimated for a
specific patient by determining the flow at the inlets (VAs) and the apex outlets. However, the
apex flow data corresponding to the models used in this thesis was not acquired from MRI data,

so typical values are used instead.
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Zarrinkoob et al. (36) performed an analysis of blood flow distribution throughout the
entire network of cerebral arteries, using both typical and aberrant physiologies for
comparison. Table 3-2 summarizes a subset of the data related to the region of the basilar
artery. The smaller physiology is not addressed directly within the paper, but can be inferred
from the data by making several assumptions: 1) The entirety of the blood flow through the
PCAs comes through the basilar artery, rather than from other arteries supplying the Circle of
Willis, 2) any other smaller arteries which are not present in Figure 1-1 do not exist and are not
accounted for, and 3) the “lost” flow rate in the upper portion of the basilar artery goes entirely
through the SCAs. As they are not intended results of the Zarrinkoob study, these values have a

high level of uncertainty but are sufficient to give a general idea of how much of the inlet flow

Table 3-2: Typical Blood Flow Rate Distribution

Flow Volume (mL/min)

Feature Average Percentage 5. D.
of Total Flow
Inlets
Right Vertebral Artery 100 50.0% 48
Left Vertebral Artery 100 50.0% 48
Total VA 200 100.0% 67.9
Outlets
Basilar Artery 145 72.5% 41
Right PCA 54 27.0% 12
Left PCA 54 27.0% 12
Calculated
e | s | me |
Apex Artery "Loss" 37 18.5% a4

(SCAs)
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should go towards the lateral branches.

The result of these calculations shows approximately 72.5% the flow entering through
the vertebral arteries exiting through the PCAs and SCAs, leaving the remaining 27.5% to exit
through the AICAs and perforators.

Based on communications from Professor Rayz, this ratio typically falls within the range
of 80%/20% to 90%/10% ratios. The 90%/10% ratio was selected as the worst-case condition.
3.2.2. Assumptions

To aid in the analysis of complex anatomy such as this, it helps to simplify the process by
making certain assumptions about the model or the conditions (37).

- Blood is assumed to be a Newtonian, incompressible fluid. Several studies (7) (38) have
shown that using a Newtonian model for blood has little effect on overall flow patterns
and WSS in such simulations. The properties of the blood used in this study are as
follows: Fluid type: liquid, Density: 1060 kg/m?, Viscosity: 0.0035 kg/m-s (39).

- The walls are rigid. Using rigid walls, particularly in the basilar artery where there is
little room for vessel walls to pulsate, is a safe assumption and makes the simulations
much easier. Aneurysmal disease causes an additional loss of wall elasticity, making a
rigid wall assumption even more reasonable (31). Previous studies (1) have shown that
while allowing for wall flexibility will change velocity magnitudes and WSS, flow patterns
are not significantly altered.

- Downstream pressure is constant. This assumption is closely related to the rigid walls
assumption listed previously. As mentioned in Section 2.2, many studies have been

performed on the pulsatile nature of the distal pressure on blood flow due to the
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downstream elasticity. However, following the same reasoning used in the rigid walls
assumption, the pressure pulsation should not be significant to this study.

The patients in this study have normal anatomy. Aside from the aneurysm; the size
and shape of the generated anatomy (AICAs and perforators) are based roughly on the
data from Table 3-1, which assumes average values for the features. This assumption
also includes the AICAs having nearly the same diameter and length as each other and
the perforators each having the same diameter and length as each other. A normal
anatomy also means that the blood flow distribution will follow what is shown in Table
3-2.

Approximately 90% of the flow entering the basilar artery exits the PCAs and SCAs; the
other 10% exits the AICAs and perforators. The 90%/10% assumption was used as a
baseline of “normal” to help establish and verify data in several of the studies. There is
enough variability in physiologies (36), and there is a large enough quantity of smaller
lateral branches that it becomes difficult to get an exact measure of a “typical” flow
ratio through these arteries.

Cardiac cycles repeat identically. A portion of the patient data used in these studies is
transient flow velocity data at the vertebral arteries. This data is taken over a single
cardiac cycle. For simulations run for more than a single cardiac cycle, the assumption is
that this flow velocity pattern is identical in all cycles. Since cardiac cycles are typically
very similar, particularly when measured sequentially, this is a safe assumption.
General assumptions. For overall simplification of the simulations, there are several

general assumptions. Most of these are rather obvious but are noted here for the
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purpose of repeatability. These include: no gravitational effects, constant temperature
throughout the study, no embolisms or other obstructions in the arteries other than
what was apparent on the patient scan, and blood cells and other suspended solids are
too small to significantly alter the flow in this study, based on the data in Table 3-1.

3.3. Models

A note on the convention of orientation naming: for any part of human anatomy, the
notions of “left” and “right” are oriented per the standard anatomical position; i.e. the point of
view of the patient. The models used in this simulation are shown viewed from the anterior
allowing for a less obstructed view of the physiology for analysis but reverses these directions
in the images. Therefore, throughout the descriptions of the models and discussions of the
studies, “left” and “right” will be correctly oriented for the anatomy, but will be reversed from
the location in the images themselves.

3.3.1. Model Information

Two patients presenting basilar aneurysms were imaged and treated at the UC San
Francisco, their imaging data used in these simulations. In both cases, the aneurysms were
unsuitable for clipping or coiling and thus considered for a surgery altering the pathological
blood flow patterns. For each patient, two versions, representing the flow resulting from
different surgical procedures, were modeled. Variations to the geometries performed as part
of the studies, such as perforator quantity or size, are described in section 3.5. To preserve the
anonymity of the patients, they will be referred to as “patient 1” and “patient 2”.

For patient 1, two models were created, each representing the result of a different

surgery intended to treat the aneurysm.
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Figure 3-1 depicts the first of the two; the Patient 1 “bypass” surgical option, where the
top portion of the basilar artery is severed. The model represents the post-operative flow
following a clipping of the basilar apex with a bypass as shown. The right PCA, left PCA, and left
SCA are uninvolved in the simulations, being part of the bypass system. The flow being
investigated enters through the vertebral arteries with the only apex artery in use being the
right SCA. The purpose of this surgery is to restrict the overall flow rate through the basilar
artery while the resistance caused by the single apex outlet should maintain the flow to the

lateral branches.

Figure 3-1: Patient 1 “bypass” Geometry

There are two perforators modeled near the top of the right side, near the right SCA,
and five perforators on the left, evenly spaced. They are of uniform diameter and nearly equal
length. A large thrombus mass was observed on the right side of the basilar trunk; thus the
perforators adjacent to the thrombus location were excluded from the model.

The second model is the Patient 1 “sump” model, depicted in Figure 3-2. For this

option, the apex portion of the basilar artery was left intact. The proximal part, where the
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vertebral arteries would normally merge into the basilar artery, was removed and capped off,
approximating the result of using a surgical clip. The flow from the vertebral arteries was
rerouted to the right PCA which causes the blood to be supplied to the AICAs and perforators in
a retrograde fashion. This surgery also intends to reduce overall flow through the basilar artery

but may compromise the blood supply to the lateral branches as a result.

G

Figure 3-2: Patient 1 “sump” Geometry

The AICAs and perforators are identical to those of the “bypass” version of the model,
which allows for a more consistent data comparison.

Two versions of the patient 2 model were also used in the simulations. The first is a
preoperative version, denoted as Patient 2 “preop” depicted in Figure 3-3.

This model has 13 total perforators, six on the right side and seven on the left side.
They are approximately evenly spaced and of roughly equal length. This model is the primary
one used in studies relating to changes due to adjustments in size, shape, and location of the

perforators. The version depicted in Figure 3-3 is the “base” model for those studies.
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Figure 3-3: Patient 2 “preop”
Geometry

The second version of the patient 2 geometry is a “sump” model, depicted in Figure 3-4.
This model represents the same surgical procedure as was used in the Patient 1 “sump” model

version. The right PCA is used here as the flow inlet as well.

Figure 3-4: Patient 2 “sump” Geometry

This model retains the same quantity and lengths of the perforators and AICAs as the

preoperative version.
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3.3.2. Model Generation

The models used in this study were generated using high-resolution Contrast Enhanced
MRA (CE-MRA) data from the two patients. An example 2D image is shown in Figure 3-5. The
output files from the CE-MRA process are in the form of a series of thin 2-D slices which can be

rendered into a 3-D object using image-based modeling (40).

Figure 3-5: 2D MRA Example

The vessel geometries in this study were modeled using Geomagic software. The
contrast-enhanced images of the vasculature can be selected within the software and output as
a 3-D surface model. The quality of the objects created by this process is limited both by the
resolution of the 2-D imaging technology, and the size of the gap between the slices. The
software interpolates the information between the slices, but any vasculature similar in scale to
or smaller than the resolution is lost in the rendering process. Likewise, some of the smaller
vasculature and other “noise” showing up in the 2-D images often becomes extrapolated by the

software, creating a rough surface and thin, jagged tendrils, which must be removed.
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The process of cleaning up the model is performed manually using Geomagic software.
It involves first removing any vasculature which is outside of the scope of this study. Next,
artifacts from the imaging process are removed. As a final step, the overall surface is smoothed
using a surfacing tool, while still keeping as much of the geometry intact. These steps must be
performed carefully; which geometry should be saved and which is just a remnant from the
scanning process is based on knowledge and experience of how this vasculature should appear.
The output from this process is a 3-D shell model in either .STL or .IGS format.

The model is further prepared using Altair Hypermesh. Using the typical sizes and
guantities for these features as described in Table 3-1, the left AICA, right AICA, and several
perforators are created. The features are designed to have relatively uniform diameters and
lengths and are curved to reflect typical brainstem geometry.

Surface features, or “caps” are created where each of these added geometries merges
with the wall of the basilar artery. These caps allow for greater control over the use of these
geometries during the simulations. During a flow simulation using the entire geometry, these
caps are set to be internal features, which do not block or otherwise affect the flow. If the
simulation requires one or more of the perforators or AICAs to be absent, the cap can be
changed into a “wall” feature, restricting blood flow to that outlet.

The lengths of the modeled features are far shorter than what is present in physiology,
which is also the case with the PCAs and SCAs. Part of the intent of this research is to
determine a suitable length to model these features, but for the purpose of creating the models
for this thesis, the lengths of these arteries are roughly estimated, the value tracked for

comparison with the results.
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3.3.3. Model Meshing

The next step in model creation is to create the mesh of elements used in CFD
simulation, which was performed using Altair Hypermesh. The mesh was generated by first
creating a 2-D surface mesh, then extending a 3-D mesh into the models from the surface
elements.

Below a certain optimal mesh size (7), the overall flow characteristics will show little or
no improvement as the mesh is further refined. The goal is to use an element size that is large
enough to simplify calculations within the large regions, yet small enough in the smallest flow
conduits to resolve WSS effects (41) (42) accurately.

The mesh was configured manually, generated from a set of user-entered criteria, to
better control the focus to specific regions of the models.

Element selection was varied between the models as part of a side study investigating
the effect on computation time. Quadrilateral/prism meshes converge quicker than other
element types and give more accurate results, but are difficult to use in models that are not
constructed of uniform geometries. Simple triangular/tetrahedral meshes tend to fit more
easily into irregular-shaped bodies, but they give the least accurate results. More complex
triangular/tetrahedral elements, with additional nodes along the edges, offer the shape
benefits of their simpler counterparts, but with a much greater accuracy. However, they have
the longest time to convergence during simulation.

After an initial comparison of a model using a complex tetrahedral mesh and one with
mixed prism/tetrahedral elements, the combination mesh offered a faster computation time

with no discernable difference in flow results. Typically, adding an inflation layer mesh to the
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walls of any tube-like fluid conduit is recommended (42), but the twisting nature of these
outlets caused element discontinuities with this approach. Given the small artery size and

laminar flow regime, a highly structured inflation layer is not required for accurate results.
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Figure 3-6: Mesh Examples

The trunk of the basilar artery, the vertebral arteries, and the apex arteries were

meshed using a 0.30 mm mesh size. The walls of lateral arteries were meshed using a 0.07 mm
element size. Circular regions were added where the AICAs and perforators join with basilar
artery and given a 0.12 mm mesh density. Figure 3-6 shows the results of some of the meshing
activities where the three mesh density regions can be seen. The size of these transition zones
was somewhat arbitrary, but they were drawn to be approximately three times the diameter of
the outlet attached at that location. Figure 3-6(a) shows one which has a quadrilateral mesh
bias while Figure 3-6(b); represents the mesh created entirely with complex tetrahedral

elements.

Figure 3-7 shows the end detail of one of the smaller perforator outlets as an example

of the resolution of the elements in these features.
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The number of elements in the models for each simulation is shown in section 3.5.3

Figure 3-7: Outlet Mesh Detail

3.3.4. Transient Data

Inflow waveforms obtained from PC-MRI data are prescribed at the model inlets to
simulate the flow through the cardiac cycle. The transient data is imported into ANSYS for use
in the simulations. The data is consists of a number of time steps, the size of each step in
seconds, and the velocity at the inlet(s) in meters per second at each time step. Each data
table represents one full cardiac cycle for the patient.

There are three sets of transient data for Patient 1: “postoperative”, “reimplanted SCA”
and “AICA sump 1”. Each data set consists of 32 steps with a size of 0.025 seconds each, for a
total of 0.775 seconds for the cardiac cycle.

There are two sets of transient data for Patient 2: “preoperative” and “AICA Sump 2”.
Each data set consists of 32 steps with a size of 0.016 seconds each, for a total of 0.496 seconds

for the cardiac cycle.
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Figure 3-8 shows one of the transient data sets. The two inlet velocities are kept
separate rather than combining them and starting the simulations above where the vertebral
arteries merge, allowing the simulations to properly track any mixing behavior of the two flow

streams (6).
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Figure 3-8: Transient Data Example

3.4. Simulation Methods
3.4.1. Numerical Theory

The mathematical models used in CFD computation are based on the Navier-Stokes
equations (43). The Navier-Stokes equations consist of a set of partial differential equations
(PDAs) which describe the velocity and pressure fields. They are shown here for reference:

Assumptions:

- The effect of gravity is negligible: pg =0

- Fluid is incompressible

Continuity Equation:
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Momentum Equations:
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The terms of the momentum equations can be broken up into their individual
components. Using the Z component of the equation set, Equation ((3-4), as an example, the

following components make up the momentum equation in the z direction.

ow
Poar = temporal acceleration term (3-5)

( 6W+ 6W+ 6W>_ -
plug-tv 3y w——| = convection term (3-6)

apP
—, = Pressure gradient (3-7)
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This set of equations is used to calculate the velocity field for each element in the mesh.
There is no analytical solution to the Navier-Stokes equations for flow in realistic vascular

geometries (44), so it is approximated using one of the various numerical schemes. Most of
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these schemes rely on the flow field in the adjacent elements, which requires solving a system
of interrelated equations, requiring either an iterative or simultaneous solving method.

When using the ANSYS Fluent software to perform CFD, various options may be selected
to establish which numerical schemes are used to determine these results. Higher order
methods will use more nearby elements for more accurate computation. Other parameters
control the iterative methods and the convergence criteria. The numerical schemes selected
for these simulations are outlined and described in section 3.4.3.

3.4.2. Fluent Settings

The simulations were performed in ANSYS Fluent software, initial studies in version
14.5.7 and some final studies using version 17.0. The models created in Hypermesh were
imported into the Fluent CFD software.

Many Fluent settings are constant throughout all of the simulations. The general
settings are listed here to enable replication of the results. The numerical schemes selected for
solving the Navier-Stokes formulations are described in the following sections.

= Solver Type: Pressure-Based
= Velocity Formulation: Absolute
= Time: Transient
= Gravity: No
= Models: Viscous-Laminar
3.4.3. Numerical Schemes
In configuring the simulations, ANSYS Fluent allows the user to select from several

options of numerical schemes to solve the Navier-Stokes equations. ANSYS has several guides
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thoroughly describing these schemes (45) (46). The schemes selected for these simulations are
listed here with a brief description of their formulation and how they apply to the simulations in
this study.
3.4.3.1. Pressure-Velocity Coupling

A Coupled Algorithm is selected to resolve the pressure-velocity coupling. As described
in section 3.4.1, the pressure and velocity portions of the Navier-Stokes equations are reliant on
each other, requiring a “coupled” method to resolve them. They can be solved in an iterative
fashion; with calculations solving one followed by the other until they reach equilibrium, or
they can be coupled; solved simultaneously in a single matrix. A fully coupled approach takes
more simulation time per iteration and requires more computer memory but converges faster.
3.4.3.2. Spatial Discretization: Gradient

A gradient must be determined for each element to allow for higher order
computational schemes to be used. For these simulations, a “Least Squares Cell-Based”
method is selected.

The least squares method uses a linear numerical method, conceptually similar to the
“least squares” linear curve fitting method from statistics, to find a weighted average of each
centroid’s gradient using information from the neighboring cells.

This method is optimal on polyhedral meshes but gives increased accuracy for all
meshes in exchange for decreased stability of the simulation. Initial simulations were observed
for any stability issues, which were not apparent, so the method was used in all ensuing

simulations.
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3.4.3.3. Spatial Discretization: Pressure

A second order scheme is selected for pressure discretization. The simplest of
numerical schemes: first order, assumes the entire upwind element to have uniform properties
as determined at the face in contact with the element being calculated.

In a second order scheme, the calculation uses the same information as the first order
scheme, but also includes both the displacement vector and gradient of the upwind elements.
This method is more accurate, particularly in a transient simulation, but increases simulation
time.

Given the complex geometry of the models and the use of transient simulation
methods, the improved accuracy of the second-order scheme is favorable.
3.4.3.4. Spatial Discretization: Momentum

For momentum, a third-order MUSCL scheme is used. The MUSCL scheme (Monotone
Upstream-Centered Schemes for Conservation Laws) was conceived as an optimal method for
improving on the second-order schemes (47). The method builds on the second-order upwind
scheme by including a central differencing method rather than using the values from the
adjacent elements directly, resulting in a gradual transition of values between elements,
“softening” the results.

In addition to increasing the accuracy, the central differencing scheme also acts to
reduce numerical diffusion making it ideal for the simulation of biological systems with complex

geometries such as the ones in this study.
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3.4.3.5. User Defined Scalar (UDS)

One of the studies requires the use of a user defined scalar (UDS). This feature is used
to simulate the advection of a passive tracer agent through the system with what is essentially
a hypothetical dye or other substance in the fluid. The inlets were set with an initial value of
“1”, and each of the outlets was set to “0”. During the simulation, the concentration of the
tracer agent would be transported by the flow through the system towards the outlets. The
results display levels of concentration, showing the filling and wash-out patterns.

The UDS is calculated using the same third-order MUSCL scheme as used for the
momentum determination.
3.4.3.6. Transient Formulation

The transient formulation used is a second-order implicit method. A first order time
discretization method looks at the previous step, while a second order method looks at the
previous two steps, which requires more memory storage during the simulation, but allows for
a more accurate transition through the time steps.

3.4.4. Simulation Settings
3.4.4.1. Materials

The wall features of the models are set to “aluminum” to create rigid walls for the
simulation. A more detailed discussion of the use of rigid walls can be found in section 3.2.2.

The fluid is set to “blood” with an approximation of blood properties and assuming a

Newtonian fluid. See section 3.2.2 for the properties and assumptions used.

36



3.4.4.2. Boundary Conditions

“No slip” conditions were prescribed at the walls of the model. The outlets for each
simulation were set to the “pressure-outlet” option. They were assigned constant gauge
pressure of 0 Pa unless otherwise specified in the study. The inlets were set to the “velocity-
inlet” option. An initial gauge pressure of 0 Pa was used, which was not changed in any of the
simulations. The velocity magnitude was specified using the transient data table.
3.4.4.3. Calculation Activities

Listed below are the settings for how ANSYS handles the iteration procedure. These
settings have a smaller impact on the results of the simulations than settings described in the
previous sections but are included here for reference.

=  Flow Courant Number: 200

=  Explicit Relaxation Factors: 0.75 for Momentum and Pressure
= Solution Initialization: Standard Initialization

= Reference Frame: Relative to Cell Zone

=  Max Iterations Per Time Step: 200

= Time Stepping Method: Fixed

The number of time steps and time step size varies with the transient data and is
described in section 3.5.

3.4.4.4. Outputs

Output monitors are assigned each of the outlets to track mass flow rate in kg/s for each

time step. Results are imported into Microsoft Excel for analysis of the flow distribution.
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Visual results: streamlines, WSS and UDS analysis, are created using the ANSYS CFD Post
software.

3.5. Description of Studies
3.5.1. Geometry Changes

The first group of studies is an investigation of the impact of alterations to the geometry
of the basilar side branches: AICAs and perforators.

All simulations described in this section use a single 32 time-step cardiac cycle. Mass
flow rate data is taken as an average of the data from all 32 time steps. Flow streamline and
WSS analysis are performed on the results from the final time step of the simulations.
3.5.1.1. AICA Length: Patient 1 Bypass Model

This study investigates the flow resistance caused by different lengths of the AICA
outlets by comparing two versions of the Patient 1 Bypass model. The first version used the
model as shown in Figure 3-1 while the second used the same geometry with the AICA walls
disabled. The AICAs average 17.57 mm in length and have an average diameter of 0.81 mm and
area of 0.515 mm? at the outlets. These models are referred to as the “no-AICA” model and the
“with-AICA” model both here and in the results section. Transient data file “postoperative” was
used for both simulations.

Initial studies were performed on both versions with pressure values of 0 Pa assigned at
all pressure outlets. Next, a simulation was performed with a constant pressure of an arbitrary
value applied to the AICA outlets. A series of simulations were performed using the same

model where a different constant pressure was applied at the AICA outlets to iteratively
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determine a value which would create a similar mass flow distribution as was obtained in the
“with-AICA” model. All other pressure outlets were kept at a value of 0 Pa for these studies.
3.5.1.2. AICA Length: Patient 2 Sump Model

This study continues the investigation from the previous study by comparing three
versions of the Patient 2 “sump” geometry. The first version used the model shown in Figure
3-4. The second version used the same model with the AICA wall features disabled. A third
version of the model has AICAs of an intermediate length. These models will be referred to as
the “no-AICA”, “short-AICA” and “long-AICA” model here and in the results section.

The AICAs in the “long-AICA”, standard model are an average of 17.47 mm in length and
have an average diameter of 0.80 mm and area of 0.504 mm? at the outlets. The AICAs in the
“short-AICA” model average 5.93 mm in length and have an average diameter of 0.80 mm and
area of 0.501 mm? at the outlets. Transient data file “AICA sump 2” was used for all three
versions of the model.

The same iterative method described in the previous study was used to determine
pressure values at the AICAs in the “no-AICA” model to emulate both the “short-AICA” and
“long-AICA” versions. Additionally, the “short-AICA” model is compared to the “long-AICA”
model in the same fashion.
3.5.1.3. Perforator Quantity

This study investigates the impact on flow patterns using differing quantities of
perforators using the Patient 2 “preop” geometry. The base model shown in Figure 3-3 has 13
total perforators. Four studies were performed; one with all 13 perforators present, one with

no perforators, one with 6 perforators and one with 8 perforators. Perforators were removed
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in a pattern intended to leave the remaining perforators as evenly distributed across the basilar
trunk as possible. Transient data file “preoperative” was used for all four versions of the model.
3.5.1.4. Lateral Branch Diameter

This study investigates the impact of perforator and AICA diameters by comparing two
versions of the Patient 2 “preop” geometry. The first simulation used the version shown in
Figure 3-3. For the second version, both the AICAs and perforators were increased in diameter
by a uniform value.

The model version with the standard geometry has an average AICA length of
approximately 17.47 mm. The average AICA diameter is 0.801 mm and the area is 0.504 mm?
measured at the outlets. There are 13 total perforators with an average length of 7.43 mm
with a standard deviation of 1.113 mm. The average perforator diameter is 0.329 mm, with a
0.085 mm? area at the outlets.

The model with the enlarged lateral branches has an average AICA length of 17.46 mm
The average AICA diameter is 1.01 mm and the area is 0.797 mm? measured at the outlets.
There are 13 total perforators with an average length of 7.42 mm with a standard deviation of
1.028 mm. The average perforator diameter is 0.531 mm, with a 0.221 mm? area at the outlets.
Transient data file “preoperative” was used for both versions of the model.

Due to the non-uniform nature of the geometry, the process of increasing the outlet
diameters caused discontinuities in the model. As a result, several of the perforators were

relocated or shortened during the creation of the “large outlet” version of the geometry.

40



3.5.1.5. Perforator Location

This study investigates any changes in flow due to variations in perforator location by
comparing two versions of the Patient 2 “preop” model. The first version used the model
shown in Figure 3-3. For the second version, the perforators were relocated approximately 45°
around the center of the basilar towards the anterior. Figure 3-9 shows a sketch of the intent

of the perforator relocation.

45°

Typical Angled

Figure 3-9: Location Study:
Perforator Orientation

Due to the non-uniform nature of the basilar trunk surface, this angle was estimated
visually for each perforator. In some cases, perforators required further rotation, lengthening
or shortening to resolve discontinuities. They were oriented so that their walls were
approximately normal to the surface of the basilar artery at their junction to eliminate surface
angle as a variable. Transient data file “preoperative” was used for both versions of the model.
3.5.2. Apex Pressure Studies

When modifying the model, it is more difficult to confidently extend the length of the
apex arteries, as it requires the inclusion of the distal bifurcations and branches, as opposed to
the side branches which are already being created by the user. Rather than adding length to
these outlets, length can be simulated using a constant distal pressure value, as described in

the AICA length studies.
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The studies described in this section investigate the effect on flow patterns caused by
using applying a constant distal pressure at the apex of the outlets. The pressure values are
adjusted iteratively using the method described in Section 3.5.1 to reach a predetermined flow
distribution target.
3.5.2.1. Apex Pressure: Single Patient Comparison

In this study, the target performance is a 90%/10% ratio of mass flow rates between the
apex and lateral branches respectively. The simulations were performed on the Patient 2
“preop” model shown in Figure 3-3, using the transient data file “preoperative”.

For the second part of the study, the same pressure value determined on the “preop”
model was applied to the apex outlets of the Patient 2 “sump” model shown in Figure 3-4, using
the “AICA Sump 2” transient data file. The right PCA is the primary inlet for this geometry, so
the elevated pressure value was applied to the other three apex outlets only. All other
pressure outlets in these simulations were left at a value of O Pa.
3.5.2.2. Apex Pressure: Differing Physiology

In this study, the apex pressure value determined for the Patient 2 “preop” model is
applied to the apex outlets of the two versions of the Patient 1 model. For the first of these
studies, the model used was the Patient 1 “sump” model shown in Figure 3-2. The transient
data file used was the “AICA sump 1” file. As the right PCA is the primary inlet for this
geometry, the pressure value was applied to the other three apex outlets.

The second study was performed on the Patient 1 “bypass” model shown in Figure 3-1.
The transient data file used was the “reimplanted SCA” file. Three of the four apex outlets are

used as part of a bypass system, so the pressure value was applied only to the right SCA.
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3.5.2.3. Tracer Study
A second approach to analyze blood flow behavior is to determine the flow residence
time by examining filling and washout patterns. This is accomplished by introducing a tracer
agent at the inlets and observing its progression over five cardiac cycles. If the AICAs and
perforators are not filled at the end of the simulation, they are likely to become thrombosed.
The simulations used the Patient 1 “sump” geometry, shown in Figure 3-2, and the
transient data file “AICA sump 1”. The simulations were performed for a total of 164 time steps,
which equates to 4.075 seconds, or approximately 5.13 total cardiac cycles.
3.5.3. Mesh Data

Figure 3-10 is a reference table listing the element type and element quantity for each

of the simulations.

Study Base Model Element Type Element Quantity
Lengthl: Long AICA | Patient 1 Bypass Tetrahedral 1,369,224
Length1: No AICA Patient 1 Bypass Tetrahedral 1,328,980
Length 2: Long AICA Patient 2 Sump Tetrahedral 812,757
Length 2: Short AICA Patient 2 Sump Tetrahedral 803,712
Length 2: No AICA Patient 2 Sump Tetrahedral 790,396
Quantity: 13 Patient 2 Preop Tetrahedral 961,605
Quantity: 8 Patient 2 Preop Tetrahedral 922,078
Quantity: 6 Patient 2 Preop Tetrahedral 904,065
Quantity: 0 Patient 2 Preop Tetrahedral 857,062
Diameter: Regular Patient 2 Preop Tetrahedral 961,605
Diameter: Large Patient 2 Preop Tetra/Prism Mix 1,843,024
Location: Standard Patient 2 Preop Tetrahedral 961,605
Location: Moved Patient 2 Preop Tetrahedral 702,852
Apex Pressure 1 Patient 2 Preop Tetrahedral 961,605
Apex Pressure 2 Patient 2 Sump Tetrahedral 812,757
Apex Pressure 3 Patient 1 Sump Tetrahedral 1,224,168
Apex Pressure 4 Patient 1 Bypass Tetrahedral 1,371,225
Tracer Study Patient 1 Sump Tetrahedral 1,371,225

Figure 3-10: Mesh Element Quantity
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3.6. Summary

They primary purpose of this chapter is to describe the studies which were performed
and analyzed in the following chapters. However, a description of a study is not sufficient
without the foundational information upon which the study is built. All variables must be
defined, and all decisions made while performing the simulations must be described. The
information presented in this chapter gives this foundation, allowing the results to be easily
repeated, modified or refuted.

The studies investigate a broad range of geometry changes, but with a small number of
versions compared with each change. The results will give a general idea of the patterns and
tendencies caused by these differences but will lack the more thorough, in-depth analysis
required to create a predictive algorithm. The thesis can act as either a rough guideline for the
creation of lateral basilar branches in clinical research or as an initial step for more focused

research.
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4. Simulations
4.1. Chapter Overview: Data Presentation

In this chapter, the results of the simulations are presented and briefly discussed. A
thorough review of the data and discussion of its significance can be found in Chapter 5.

Mass flow data is collected using output monitors applied to the pressure outlets of the
models in ANSYS. The data is imported into Excel for calculations and table creation. The mass
flow results at each outlet are taken as an average across all time steps. Each apex artery and
AICA are each kept as separate data sets while the flow results from the perforators are added
together as one data set for easier management. The data is generally displayed as a
percentage of the overall flow, allowing for easier comparison of flow performance when
dissimilar models have different mass flow rates.

Velocity streamlines are used to analyze three-dimensional flow patterns. For model
comparison, the streamline velocities are scaled to the same magnitudes within each study.
When reviewing streamline results, regions of low flow velocity, or flow recirculation can
indicate regions prone to thrombus deposition. This type of flow behavior is typically observed
in the aneurysmal part of the artery.

WSS distributions are used to allow for the analysis of flow velocity on a smaller scale
than what is shown in the velocity streamlines. The results are similarly scaled for easier
comparison of results. Low WSS would indicate a low shear at the arterial wall, which is also a
sign of thrombus deposition.

The final method used is a passive tracer fill map. The mesh elements where the tracer

concentration exceeds a value of 0.5 are displayed in red. This type of analysis assesses flow
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residence time, indicating whether or not fresh blood is being sufficiently supplied throughout

the system.

4.2. AICA Length Studies

Two sets of studies were performed to determine the effect of the length of the AICA
branches on the flow distribution among the outlets and the flow patterns through the basilar
artery. As the vessel walls are assumed to be rigid, a constant distal pressure may be used as a
replacement for the friction losses of longer outlets.

4.2.1. Length Study 1: Long AICAs vs. No AICAs

This study uses the Patient 1 geometry shown in Figure 3-1. The first simulation was
performed on the unmodified model as displayed in the figure. The remaining simulations
were performed on the same model with the AICAs removed.

The initial simulation was performed with all pressure outlets set to a constant 0 Pa

distal pressure. The flow distribution results are shown in the first row of Table 4-1.

Table 4-1: Length Study, Patient 1, Pressure Determination

Outputs
Model Pressure at
AICAs (Pa) | SCA Outlet AICAs Perfs Total Branch

w/AICA 0 83.195% 12.962% 3.843% 16.805%
no AICA 0 52.721% 45.764% 1.515% 47.279%
no AICA 500 88.539% 7.895% 3.566% 11.461%
no AICA 425 83.532% 13.260% 3.208% 16.468%
no AICA 420 83.186% 13.629% 3.184% 16.814%

A series of simulations were then performed on the “no-AICA” model. In each version, a
constant distal pressure was applied to the AICAs as indicated in the second column of Table

4-1. The results were reviewed, and the pressure value was adjusted until the flow distribution
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was close to that of the “with- AICA” model. The pressure at all other outlets was kept at a
constant O Pa throughout.

Figure 4-1 shows a side-by-side comparison of the two models with 0 Pa distal pressure
at all outlets. With no wall length for the AICA outlets and no distal pressure, there is little
resistance to flow, creating a sharp increase in velocity in the region of the AICA outlets in the
“no-AlICA” version. This velocity increase extends into the vertebral arteries. This result
corresponds to what is shown in the second row of Table 4-1: where outlet flow at the AICAs

represents nearly half of the overall outlet flow.
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Figure 4-1: Length Study: Patient 1 Bypass, Preliminary Comparison

In Figure 4-2, the same streamline results for the “with-AICA” model are compared with
the results from the “no-AICA” model simulation using the final AICA distal pressure value of

420 Pa. In this comparison, the velocity magnitudes appear to be quite similar between the
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two models. The flow patterns in the region of the AICA outlets are notably different. A small
region near the AICA outlets indicates a change in flow patterns. The flow appears to increase
in velocity and align with the AICA outlets, with the result of altering the overall flow patterns in

the lower region of the basilar artery.
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(a) “with-AICA”, 0 Pa at all outlets (b) “no-AICA”, 420 Pa at AICAs

Figure 4-2: Length Study: Patient 1 Bypass, AICA Pressure Comparison

4.2.2. Length Study 2: Long AICAs vs. Short AICAs

The second AICA length study introduces an intermediate length of the AICAs which
allows for a greater number of comparisons between model versions.

The same iterative procedure established in Length Study 1 was used to determine
pressure values at the AICA outlets. In this case, pressure values were determined which
would be applied to the “no-AICA” version which would replace both the long and short

version. The third set of simulations determined the pressure to be applied to the AICAs of the
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“short-AICA” model to replace the extra length present in the “long-AICA” version. The results

of these investigations are shown in Table 4-2.

Table 4-2: Length Study: Patient 2, Pressure Required for Length Equivalency

) Simulated [Target Model Length . Pressure per

Simulated ) Applied
Target Model| Model AICA | AICA Length | Difference Length
Model Pressure (Pa)
Length (mm) (mm) (mm) (Pa/mm)

No AICAs Short AICAs 0.00 5.93 5.93 21.76 3.67

No AICAs Long AICAs 0.00 17.47 17.47 24.40 1.40
Short AICAs | Long AICAs 5.93 17.47 11.54 19.30 1.67

Reviewing the pressure values in the “no-AICA” comparisons, the relationship between
AICA length and the distal pressure required to replace them appears to be nonlinear. It is hard
to determine an exact trend with only three data points.

There is also an unusual relationship in the required distal pressures. The distal
pressure value applied to the “no-AICA” model to emulate the “short-AICA” version is 21.76 Pa
and the value used to emulate the “long-AICA” version is 24.40 Pa, which gives a difference of
2.64 Pa between the two model versions. However, the pressure value applied to the “short-
AICA” model to emulate the “long-AICA” model is much higher, at 19.3 Pa.

The previous study showed that, with no distal pressure applied, the “no-AICA” model
version exhibited increased velocity and altered flow patterns near the AICA outlets. Figure 4-3
is shown here to look for similar patterns in the Patient 2 model. The velocity scale of the two
simulations is different between the models, but the flow patterns bear strong similarities.
Both have a redirection of flow streamlines and a sharp increase in velocity near the AICA

outlets.
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Figure 4-4: Length Study: Streamline Comparison between the
“no-AICA” Models
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Figure 4-3: Patient 2, “short-AICA” vs. “no-AICA” with 21.76 Pa

In Figure 4-4, the “short-AICA and “no-AlICA” versions of the model are compared, with

the equivalent distal pressure of 21.76 Pa applied to the AICA outlets of the no-AICA model.
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The velocity magnitudes are similar, but the “no-AICA” model has the region of increased
velocity within the basilar and corresponding flow pattern change as was seen in Figure 4-2.
There is a region of recirculation near the apex of both models which appears to be larger in
diameter in the “no-AICA” model. The small magnitude of the difference indicates that this
change is possibly due to streamline scaling parameters, but it is worth noting for comparison
to similar patterns present in later studies.

Figure 4-5 shows the comparison between the “long-AICA” model with 0 Pa distal
pressures and the “no-AICA” model with a 24.4 Pa distal pressure applied to each of the AICAs.
The same flow pattern and velocity change near the AICAs are present in this comparison.
Additionally, the flow patterns near the apex are altered as they were in Figure 4-4, but to a
larger degree. The flow seems to travel in a straighter path through the region with the

aneurysm in the “no-AICA”.
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Figure 4-5: “long-AICA” vs. “no-AICA” with 24.4 Pa Pressure
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Figure 4-6 shows the final comparison; the “long-AICA” version with O Pa outlet
pressures compared to the “short-AICA” version with a 19.3 Pa distal pressure at the AICAs.
The overall flow patterns between these two versions are very similar, which indicates that the
presence of some length of outlet wall is necessary to eliminate the formation of the high-

velocity region near the AICAs.
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Figure 4-6: Patient 2, “long-AICA” 0 Pa vs. “short-AICA”, 19.3 Pa
Pressure

4.3. Perforator Quantity Study

A series of four simulations were performed for this study, each using a version of the
Patient 2 geometry with a different quantity of perforator outlets. The results of these
simulations are shown in Table 4-3. The table compares the overall increase in flow through
the apex outlets against that of the lateral branches.

Figure 4-7 shows the relationship between the number of outlets and amount of flow
to be approximately linear. The fit line is linear with an R? value of 0.9996. More data points

would be required for a deeper analysis of this result. As the number of perforators in
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increased, the total cross-sectional area of the perforator outlets increases, and the percentage
of total outlet flow through the perforators increases nearly linearly. At the same time, the
overall area of the outlets for the entire basilar artery also increases, reducing the average
velocity at each outlet which accounts for the R? deviating from a value of 1.

The velocity streamline results of the four different versions of the model are shown in
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Figure 4-7: Perforator Area to Flow Comparison

Table 4-3: Perforator Quantity Flow Distribution Comparison

% of Outlet Flow Outlet Area (mm?) % of Outlet Area
#Perfs Apex Lateral Apex Lateral Apex Lateral
Arteries | Branches | Arteries | Branches | Arteries | Branches
0 93.25% 6.75% 15.273 1.008 93.81% 6.19%
6 91.62% 8.38% 15.273 1.547 90.80% 9.20%
8 91.09% 8.91% 15.273 1.728 89.84% 10.16%
13 90.09% 9.91% 15.273 2.112 87.85% 12.15%
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Figure 4-8. There are no notable changes in the flow patterns between these versions, but

there is a decrease in velocity within the AICAs and perforators as the number of perforators

increases.
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4.4. Lateral Branch Diameter Study

For this study, two versions of the patient 2 “preop” geometry were simulated and
compared. One with the outlet diameters established in the base model and the second with

both the perforators and the AICAs increased in diameter by the same value.

The Effect of Increased Size on AICAs and Perforators
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Figure 4-9: Diameter Study: Outlet Flow Change Comparison

This change causes a greater relative increase in area for the smaller perforators than
for the AICAs, which would lead to a relatively greater increase in blood flow through the
perforators. The results shown in Figure 4-9 reflect this trend, but the comparison looks at
outlet area which should compensate for the difference, indicating a similar increase in both
outlet types per area increase. The results do not show a linear relationship, as the perforators

have an even greater increase in flow than would be expected using that assumption.
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The relationship will instead follow Poiseuille’s law for laminar flow through a small

tube, which relates flow resistance to the fourth power of the tube radius. Table 4-5 compares

Table 4-4: Diameter Study: r* and Mass Flow Comparison

Avg Radius (mm) Radius® (mm?) Average Flow per Outlet
(mg/s)
AICAs Perforators AICAs Perforators AICAs Perforators
Regular 0.0158 0.0064 6.16E-08 1.73E-09 7.0461 0.4684
Large 0.0198 0.0104 1.54E-07 1.18E-08 15.9615 2.8540
Increase 0.0041 0.0040 9.26E-08 1.01E-08 8.9154 2.3856
% increase 25.78% 61.85% 150.32% 586.17% 126.53% 509.29%

the outlet flow values using this relationship. A more detailed discussion of this relationship
can be found in the following chapter.

For a better analysis of the effect of the velocity changes due to the increased
diameters, WSS comparisons between the two versions were performed on the left AICA and
one of the perforators. These comparisons are shown in Figure 4-10 and Figure 4-11
respectively.

As a final part of the analysis, Figure 4-12 shows a comparison of the streamlines of the
two model versions. The only notable difference is a decreased velocity in the perforators in
the version where the perforators are enlarged. The flow patterns themselves appear to be

unaffected by the increased outlet size.
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Figure 4-10: Diameter Study: Left AICA WSS Comparison
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Figure 4-11: Diameter Study: Perforator WSS Comparison
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Figure 4-12: Diameter Study: Streamline Comparison

4.5. Perforator Location Study

For this study, the perforators were relocated towards the posterior of the basilar artery
while keeping size and quantity constant. The distribution results are shown in Table 4-6.
These results show a slight increase in flow to both categories of lateral branches as well as the
SCAs, with the PCAs being the only outlet with a reduction. The changes to the flow

distribution are too small to form any conclusions with certainty.

Table 4-5: Location Study: Outlet Flow Distribution

Orientation % of Total Outlet Flow Total Apex Total
SCAs PCAs AICAs Perfs Branches
Regular 27.628% 71.19% 0.828% 0.358% 98.814% 1.186%
45 degrees 27.936% 70.87% 0.838% 0.361% 98.801% 1.199%
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The comparison of flow streamlines, shown in Figure 4-13, does not indicate any

changes in the flow patterns due to the new perforator locations. Any changes in flow behavior

are too small to affect the large-scale flow patterns visible in this type of analysis.
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Figure 4-14: Location Study: Streamline Comparison
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Figure 4-13: Location Study: Full Model WSS Comparison
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A WSS can show subtle changes in flow patterns which may not be apparentin a
velocity streamline comparison. The comparison in Figure 4-14 shows that several locations of
higher WSS have shifted slightly around the basilar trunk, but they seems to remain localized;

directly tied to the location where the perforators join the basilar trunk. Any difference in the

overall WSS between the two versions is minimal.
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Figure 4-15: Location Study: Left AICA WSS Comparison

Figure 4-15 shows the region where the left AICA enters the basilar arterial wall. The
perforators are hidden in these images to allow for an unrestricted view of the surfaces.

Localized zones of slightly higher WSS have moved along with the perforators, but the
magnitude of the WSS around the perforator connection points is similar between the two
versions. There appears to be slightly higher WSS near the base of the AICA after the
perforators are relocated. The decreased velocity corresponds with the unmoved perforators,
where the perforators are closer to being in-line with the AICAs.

Figure 4-16 is a comparison of the WSS at the base of one of the perforators, including

the adjacent region of the basilar wall. The magnitude of the WSS in both the perforator and in
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the adjacent basilar wall is unchanged between the two model versions. The WSS patterns

have simply relocated with the relocation of the perforator.
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Figure 4-16: Location Study: Perforator WSS Comparison

4.6. Apex Pressure Studies
4.6.1. Patient 2 Comparison

The first set of studies compares the preoperative and postoperative versions of the
patient 2 geometry. The first step is to determine the required distal pressure to reach a
90%/10% ratio of mass flow between the apex and lateral outlets. The same general procedure

used in the AICA length studies (Sections 4.2.1 and 4.2.2) is followed to reach the desired result.

Table 4-6: Apex Pressure: Patient 2 Flow Distribution at 319.3 Pa

% of Outlet Flow
Model Total
PCAs SCAs AICAs Perfs Total Apex
Branch
Preop 64.943% 25.06% 6.784% 3.215% 90.000% 10.000%
Sump 36.510% 52.26% 7.614% 3.619% 88.766% 11.234%
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The primary difference being that the increased pressure is applied to the SCAs and PCAs
leaving the outlet pressure at the AICAs and perforators at 0 Pa. A final pressure value of 319.3
Pa was determined through this process.

In the next simulation, the pressure value of 319.3 Pa is applied to the apex outlets of
the post-operative model. This model has an altered flow pattern, with the right PCA being
converted into the inlet. This modification will reduce the overall outlet area of the apex
outlets and the remaining apex outlets will be closer to the new inlet. Table 4-8 shows a
comparison of the flow distribution between the two versions. The significant results are the
total apex and branch columns. This comparison shows that the sump model has an increase in

the percentage of overall flow through the lateral branches, primarily through the AICAs.
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Figure 4-17: Apex Pressure Study: Patient 2, Preop vs. Sump at 319.3 Pa
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For better visualization of flow path changes resulting from the surgery, the velocity
streamlines of the two models are compared in Figure 4-17.

The streamlines show similar flow behavior through the lateral outlets between the two
versions. The overall flow through the basilar artery itself is reduced, which corresponds with
the intent of the sump configuration.

4.6.2. Apex Pressure: Patient 1 Models

In this simulation, the same 319.3 Pa distal pressure value is applied to the apex outlets
of the Patient 1 “sump” geometry. The difference in time step size, and by extension, the length
of cardiac cycle between the two patients is not expected to make a significant difference in the
study comparisons. The results are interpreted by viewing the performance over a single
cardiac cycle, not over a set period.

A streamline comparison is shown in Figure 4-18, which shows how the flow patterns
change with the addition of the distal pressure. The apex pressure version indicates an increase
in velocity at the AICAs and perforators, and a general straightening of flow patterns through
the basilar artery itself compared to the version with 0 Pa at the apex outlets.

The next simulation is performed on the Patient 1 “bypass” model. Only the right SCA is
involved directly in the basilar arterial flow, so it is the only location to receive the 319.3 Pa

pressure. As before, all other outlets remain at 0 Pa outlet pressure.
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Figure 4-19: Apex Pressure: Patient 1 Sump, 0 Pa vs. 319.3 Pa
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Figure 4-18: Apex Pressure Study: Patient 1 Bypass, 0 Pa vs. 319.3 Pa
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Figure 4-19 compares the streamlines for the bypass model using 0 Pa apex pressure
and the model with the 319.3 Pa applied to the right SCA. There is a higher velocity in the right
SCA in the version without 0 Pa, but there are otherwise no major changes in the flow
streamline patterns or velocities at the lateral branches.

Figure 4-20 compares the results from all four simulations. The patient 1 sump model
has a greater percentage of flow going through the laterals than the patient 2 sump, with a
strong bias towards the AICAs. The AICAs on the patient 1 model are shorter, which is likely a
contributing factor to this trend.

The patient 1 “bypass” results show a much more significant change in flow distribution.
It would seem that adding more pressure to an already restricted outlet has caused more than
90% of the flow to exit the lateral branches. This result does not reflect what would be

expected in actual physiology.
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Figure 4-20: Apex Pressure Study: Results Comparison at 319.3 Pa
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4.7. Tracer Study

The simulations in this study were performed using the Patient 1 “sump” geometry.
This study is an extension of the apex pressure studies, so the same distal pressure of 319.3 Pa
is applied to the apex outlets as was used in those studies.

These initial results, shown in the middle row of Figure 4-22, indicate insufficient fill of
the lateral branches within the simulation. Based on this outcome, additional simulations were
performed with the apex pressure adjusted to determine a value where sufficient fill could be
achieved. Due to the longer simulation time and the subjective nature of interpreting the
results, an “ideal” distal pressure is not determined, but it appears to fall between 1500 and
2000 Pa.

The results from the simulations at three pressure values are displayed in Figure 4-22.
The “0 Pa” results are to show a baseline with no additional distal pressure at the apex outlets.

For each pressure value, three time steps were selected as “snapshots”, to give a
representation of the fill rate over the cardiac cycles. The first column shows the fill at time
step 12, which occurs at 0.275 seconds; less than 1/3 of the first cardiac cycle. These results are
reviewed to look for early indications of performance issues in the models.

The second column is at time step 96, which occurs at 2.375 seconds: representing three
complete cardiac cycles. The third column shows the results at the end of the simulation: 4.1
seconds.

The final image in the series, Figure 4-22(i), shows that the right AICA begins to fill but

the tracer agent has not completely reached the end of the outlet.
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There is a certain amount of surging behavior inherent to the pulsatile nature of blood
flow. Figure 4-21 shows a closer view of the lower portion of the basilar sump during four times
steps near the end of the 1500 Pa simulation, which does not indicate any reduction in the

tracer concentration.
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Figure 4-21: Tracer Study: 1500 Pa Right AICA Fill Rate
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5. Conclusions and Future Work

The simulations in the previous chapter demonstrate that, exception for the perforator
location results, outlet geometry has a strong influence on both outlet flow distribution and
flow patterns. Some of the results bring to light certain pitfalls which can be avoided if
accounted for during model construction, while others show the need for further analysis to
predict the impact of the geometry changes accurately.

5.1. Results Analysis
5.1.1. AICA Length

There were two significant findings with the results from the AICA length studies. First,
the resistance caused by wall length can be approximated with a static distal pressure. The
relationship between wall length and pressure used to emulate it is nonlinear. Based on the
flow patterns in Figure 4-2 and Figure 4-4, the flow patterns will be significantly altered if there
is no outlet wall present. The minimum length required to eliminate this disruption was not
determined in this thesis.

The second significant finding in the length studies is highlighted by the iterative
calculations shown in Table 4-1. The distribution of flow among the various outlets can be
easily changed with a change in resistance at an outlet; either from increased wall length or an
applied pressure. Care must be taken when creating these features to balance their relative
lengths so that the simulation does not incorrectly favor one outlet over another. A reasonable
approach may be to model the AICAs and perforators with the shortest wall length possible
without disrupting the flow patterns, then to apply a distal pressure at each of them, adjusting

the pressure to reach the desired outlet flow distribution.
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5.1.2. Perforator Quantity

The area increase caused by the greater number of perforators has an almost linear
relationship with the overall percentage of outlet flow.

Changing the number of perforators has minimal impact on the flow streamline
patterns. There is a small decrease in the flow velocities at the lateral branches as the number
is increased, which is expected.

There may be value in performing a more detailed investigation involving the addition
or removal of a perforator very near to an aneurysm to look for any changes in flow behavior
where the flow is already disrupted. Rather than changing perforator quantity, such a study
could also be viewed as an expansion of the perforator location study.

5.1.3. Lateral Branch Diameter

The diameters of both the AICAs and perforators were increased by a set value for this
study. This change adds two difficulties in analyzing the results. First, the use of the same
value for the diametrical increase when the initial diameters are different between the two
outlet types results in two different area changes. Second, changing the diameters of two
different branch types in the same set of simulations, even though both are being analyzed in
this thesis, is changing two distinct parameters simultaneously.

From a pure geometry standpoint, this study involves the same change as that in the
perforator quantity study: an increase in lower outlet area. The results show this not to be
entirely the case. This difference is primarily due to the way wall friction scales at different

rates between the two methods of increasing the outlet areas.
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For laminar flow at this scale, the resistance to flow due to wall friction can be

approximated using Poiseuille’s Law (48):

8nL

R=—3 (5-1)

Resistance to flow “R” is inversely proportional to flow rate. Assuming blood viscosity
“n” and wall length “L” to be constant; the only change in the system affecting the equation is

the increase in radius. The constants can be grouped into one factor “C” for convenience:

Q=Cr* (5-2)

0 0, ACY)  AQ
e _Ae

(5-3)

Table 4-5 shows a comparison of percent increase in the fourth power of the radius to
the percent increase in flow rate. The average r* of the AICAs increased by just over 150%,
while the flow rate increased by only 126.5%. With the perforators, there was an average
increase of 586% in their r* value, with a 509% increase in flow.

The results can be calculated as an 84.1% “efficiency” in the AICA size increase and
86.9% for the perforators. This discrepancy is likely due to the same phenomenon present in
the perforator quantity study; where the increase in outlet area in the lateral branches also

increases the total outlet area for the system.
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Another possible contributing factor is the mesh at the outlets being too coarse to
represent the flow accurately. This possibility is far more likely with the smaller perforators, as
they have the lowest mesh density, but that would imply that the AICAs would have better
results, which is not the case. It is still worth considering for further analysis.

Both types of lateral branches in the “large” version of the geometry show a greater
WSS throughout (see Figure 4-10 and Figure 4-11), which indicates a higher velocity through the
outlet; low WSS is indicative of slow moving or stagnant blood (49). The more likely source of
this “loss” would be the increased velocity of the blood flow as it enters the lateral branches. In
this case, the losses would be largely attributed to the sharp transition at the junction between
the outlet and the basilar wall. It may be informative to perform a study where smoother
transition radii are added where these features join the basilar artery and compare with these
models to see if the sharp transition is indeed a factor.

5.1.4. Perforator Location

Changing the locations of the perforators does not appear to have a significant impact
on the flow performance.

The WSS directly adjacent to where a given perforator extrudes from the basilar artery
is slightly higher than elsewhere on the basilar wall, and moving a perforator appears just to be
moving this region of elevated WSS accordingly. If simulation results are being reviewed for
WSS behavior near other features in the basilar artery, the location of the perforators may

become important as the localized increase in WSS may skew the results of the study.
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5.2. Apex Pressure Studies

The results from these simulations reaffirm the findings in the AICA length studies; a
constant pressure value can be used to replace outlet length to achieve a similar flow
distribution.

Applying the same distal pressure to the apex outlets of the “sump” version of the
Patient 2 showed only a small change in flow distribution. Both groups of lateral branches saw
an increase in their percentage of total flow; 0.404% increase for perforators, 0.830% increase
for the AICAs when compared to the “preop” model. It is likely that fewer apex outlets
contributed to the larger volume of blood flow to the lateral branches.

It appears that the same distal pressure can be applicable to both versions of the patient
geometry. Further testing would need to be performed to verify this conclusion with other
physiologies or surgical procedures. It is important to note that different sets of transient data
were used for the two models. Comparing the percentage of total flow rather than flow
magnitude was an attempt to compensate for this, but there will be different WSS and general
flow dynamics due to the different velocity profiles which may affect the results.

When comparing the results of the two “sump” models, columns two and three in
Figure 4-20, the large-scale ratio between apex and lateral flow are similar between the two,
which would indicate that the apex pressure value determined for patient 2 is close to what
would be suitable for patient 1. When viewing the individual outlet groups, there appears to be
a large shift in blood flow from SCA to PCA in the patient 1 sump version, and a shift from the

perforators to the AICAs.
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Each patient will have different flow paths and blood vessel sizes, and the transient data
differs between the two. Even accepting those factors, there was no consideration taken in
keeping the AICA and perforator diameters and lengths equivalent between the two base
models, and there are far fewer perforators included in the patient 1 model. With all of these
differences, a direct comparison of the results is more interesting than informative.

The outlet distribution values determined in the final study using the Patient 1 “bypass”
geometry cannot be reasonably compared to the results from the other studies. In addition to
the differences in perforators and AICAs, this model has only a single apex outlet, which
drastically shifts the outlet distribution towards the lower outlets, even without the increase in
distal pressure. A more reasonable comparison is to view the changes in flow patterns between
simulations performed with no added apex pressure and one with a 319.3 Pa pressure, as is
shown in Figure 4-19. In this comparison, there is no significant change in the flow patterns or
velocities, indicating a minor change in behavior if any.

In each of the previous studies, particularly the ones using the “sump” models, the flow
streamlines were significantly changed with the application of a distal pressure (Figure 4-18).
This tendency would seem to indicate that some value of distal pressure, or other resistive
force, should be applied to the apex outlets for the flow in these simulations to behave
accurately.

5.3. Tracer Study
The apex pressure study appears to have reasonable results, yet the results of the tracer

study revealed this pressure to be insufficient.
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There are several possible reasons for this difference. One, the method of data analysis
for the apex pressure study grouped all of the perforators together as one outlet for ease of
data handling. It is possible that the majority of the blood exits the perforators nearest the
apex which would explain the difference in the outcomes. However, as shown in Figure 4-20,
the percentage of total flow exiting the AICAs does not decrease as would be expected if this
were the case.

Another possibility is that a single cardiac cycle is insufficient to show blood flow
behavior accurately. This observation is similar to the one made by Vignon-Clementel et al. (15)
which showed a minimum of 2 cardiac cycles to achieve a stable solution. This appears to be
confirmed in the fill patterns illustrated in Figure 4-21 which seem to indicate an initial surge in
fill rate which tapers off as the simulation continues.

It is also a good possibility that the 90%/10% apex/lateral flow ratio assumption was not
accurate for this physiology.

It is important to note that a pressure value of 1500 Pa value is far greater than what
would be expected in actual human anatomy. This result means that either the “sump” surgical
procedure will not have a positive outcome for this patient.

The top row of Figure 4-21 shows the results without any additional distal pressure
applied at the apex. Fresh blood does not get beyond a certain region of the basilar artery,
simply recirculating in the middle. This stagnant flow highlights the need to have a value of
distal pressure at the apex outlets. It also brings into question the results of the geometry

studies where no such pressure was applied.
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The right AICA was consistently the last outlet to fill. The results of the focused analysis,
shown in Figure 4-22, are intended to see if there was complete fill at an earlier time step,
which may have receded between cardiac pulses. The tracer agent does surge around step 152,
but does not recede between cycles; rather, it either remains stationary or fills very slightly in
the next two images. In this simulation, at least, there appears to be no recession of blood.

Taking another look at Figure 4-22, the lower half of the right AICA at the basilar wall
does not seem to be allowing the tracer agent to pass through, creating a restriction in the
flow. It is possible that there is a discontinuity in the model at this junction which would be a
strong contributor to the slow fill rate of the AICA.

5.4. Summary

The results of these studies have successfully shown which features have a greater or
lesser impact on the flow patterns in the simulations. Some features, such as a minimum
length of outlet wall, have been identified as being essential requirements for a successful
simulation. Some of the findings show the need for further investigation, as described in the
next section, but the overall goals of the project were achieved.

5.5. Future Work

Increased understanding of the impact of any of these changes would improve their
overall utility to control the performance of the models. There are several findings which
would benefit from either a greater breadth of data to fill in the gaps or from a deeper analysis

in a particular direction of study.
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The AICA length studies showed the need for a minimum outlet length for proper flow
patterns. Rather than a length value, this is more likely a minimum aspect ratio, which could
be tied to outlet diameter, basilar artery diameter, or a combination.

The diameter studies could benefit from more data points to define a stronger trend.
The comparison between the outlet diameter study and perforator quantity study might be
more meaningful if the diameters of the perforators were increased rather than the perforators
and AICAs both. The perforators branch off from the basilar artery nearly perpendicularly. The
angle of these with respect to the basilar artery will change the WSS in these regions (50). It
may be informative to perform an investigation into the effect of changing these angles.

In the studies investigating the geometry changes, the pressure value at the apex
outlets was set to 0 Pa. The percentage of flow through the lateral branches in those
simulations was well below 10% of the total flow. This caused some level of difficulty when
comparing the results between versions as there were often very small differences between the
models. Repeating any or all of these simulations with distal pressure applied to the apex
outlets would increase flow to the branches allowing for a better resolution of differences in
the results.

During analysis of flow distribution, the output from ANSYS was configured to group all
of the perforators as one single outlet. This method simplified the data analysis but may have
contributed to errors in situations such as the sump models where the perforators near the
apex are likely to see greater flow than those lower on the basilar artery. Although it may not
be necessary to have these separate, it would be informative to perform at least one simulation

in such a case to see if there is any validity to this concern.
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Any of the assumptions listed in Section 3.2.2 can be addressed in a future study,
confirming that a more realistic representation displays similar comparisons between the
model versions. One of the fundamental assumptions in several of the studies is constant distal
pressure, which was shown in the research by Vignon-Clementel et al. (15) to be less accurate
than using an impedance model. It may be worth investigating using an impedance model in
future studies building off of this research, particularly if performing Fluid Structure Interaction

(FSI) simulation.
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