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ABSTRACT

Cerebral aneurysms are pathological balloonings of blood vessels in the brain,
commonly found in the arterial network at the base of the brain. Cerebral aneurysm
rupture can lead to a dangerous medical condition, subarachnoid hemorrhage, that is
associated with high rates of morbidity and mortality. Effective evaluation and
management of cerebral aneurysms is therefore essential to public health. The goal of
treating an aneurysm is to isolate the aneurysm from its surrounding circulation, thereby
preventing further growth and rupture. Endovascular treatment for cerebral aneurysms
has gained popularity over traditional surgical techniques due to its minimally invasive
nature and shorter associated recovery time. The hemodynamic modifications that the
treatment effects can promote thrombus formation within the aneurysm leading to
eventual isolation. However, different treatment devices can effect very different
hemodynamic outcomes in aneurysms with different geometries.

Currently, cerebral aneurysm risk evaluation and treatment planning in clinical
practice is largely based on geometric features of the aneurysm including the dome size,
dome-to-neck ratio, and parent vessel geometry. Hemodynamics, on the other hand,
although known to be deeply involved in cerebral aneurysm initiation and progression,
are considered to a lesser degree. Previous work in the field of biofluid mechanics has
demonstrated that geometry is a driving factor behind aneurysmal hemodynamics.

The goal of this research is to develop a more combined geometric/hemodynamic
basis for informing clinical decisions. Geometric main effects were analyzed to quantify
contributions made by geometric factors that describe cerebral aneurysms (i.e., dome

size, dome-to-neck ratio, and inflow angle) to clinically relevant hemodynamic responses



(i.e., wall shear stress, root mean square velocity magnitude and cross-neck flow).
Computational templates of idealized bifurcation and sidewall aneurysms were created to
satisfy a two-level full factorial design, and examined using computational fluid
dynamics. A subset of the computational bifurcation templates was also translated into
physical models for experimental validation using particle image velocimetry. The effects
of geometry on treatment were analyzed by virtually treating the aneurysm templates
with endovascular devices. The statistical relationships between geometry, treatment, and

flow that emerged have the potential to play a valuable role in clinical practice.
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CHAPTER 1

INTRODUCTION

Abnormal hemodynamics can lead to the initiation and progression of cardiovascular
diseases, including heart diseases and stroke, which are among the leading causes of
death in the United States. Cerebral aneurysms are one such class of cardiovascular
diseases that account for about 30,000 deaths in the United States each year [1]. Cerebral
aneurysms are out-pouchings of blood vessels in brain that are usually saccular in shape
[2], and have a distinct sac (dome of the aneurysm) and a neck (where the aneurysm

attaches to the parent vessel), as shown in Figure 1.1.

Outlets

Neck Dome (Sac)

Inlet
(Parent-Vessel)

Figure 1.1: Computational model of a cerebral aneurysm.

Cerebral aneurysm rupture can lead to a dangerous medical condition known as

subarachnoid hemorrhage (SAH). SAH, if not treated immediately, is associated with a
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mortality rate of 40%. Furthermore, about half the survivors have permanent neurological
deficits [1]. Although hemodynamics are known to be deeply involved in the onset and
progression of cerebral aneurysms, they are still considered only to a limited degree
during cerebral aneurysm evaluation and treatment planning in clinical practice. Current
clinical evaluation strategies are primarily based on geometric features of the aneurysm
(for example, the sac size). Although extensive studies have been performed that affirmed
the importance of geometry-based cerebral aneurysm evaluation, the studies did not
differentiate between different aneurysm types (i.e., whether the aneurysm is attached to
the lateral vessel wall (sidewall aneurysm) or is present at arterial bifurcations (terminal
aneurysms)) [3]-[5]. A study by Hassan et al. demonstrated considerably different
hemodynamic environments between aneurysms with different parent vessel
configurations [6]. The need for a thorough geometric-hemodynamic basis for informing
clinical decisions is therefore essential to public health.

In this dissertation, the effects of geometric variations on hemodynamics are
quantified in order to attribute specific hemodynamic features to geometric underliers
that are routinely quantified in clinical practice. The hypothesis of this research is that
geometric variations affect local hemodynamics, and can impact treatment outcomes. In
other words, similar aneurysm configurations with some geometric differences can
produce drastically different hemodynamic environments.

The main objectives of this dissertation were to (1) characterize the effects of
geometry on cerebral aneurysm hemodynamics, and to (2) characterize the effects of
geometry on endovascular treatment outcomes. The statistical relationships between

geometry and flow that emerged have potential to play a valuable role in current clinical
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practices for evaluating cerebral aneurysms and planning their treatments. Toward this
end, a design of experiments was applied on idealized bifurcation and sidewall aneurysm
templates to create unique combinations of three geometric factors. The templates were
then investigated using computational fluid dynamics (CFD) and particle image
velocimetry (PIV) to understand the effects of geometric variations on hemodynamics.
This document details the methods and results of the flow studies performed on
the cerebral aneurysm templates, and also includes some patient-specific cerebral
aneurysm models. An introduction to cerebral aneurysm and treatment, its evaluation in
clinical practice, and the role of hemodynamics in cerebral aneurysm progression are
presented in Chapter 2. Chapter 3 describes current in-vivo, in-vitro and in-silico
techniques for measuring cerebral aneurysm hemodynamics, focusing on CFD and PIV.
Chapters 4 and 5 investigate the effects of geometric changes on idealized bifurcation
aneurysm and sidewall aneurysm hemodynamics, respectively, while Chapter 6 and 7
details the effects of aneurysm geometry and endovascular treatment on idealized
cerebral aneurysm hemodynamics (both, bifurcation and sidewall). Chapters 4 — 7 were
prepared as independent manuscripts that have been published, or are currently in
preparation, in which the author of this dissertation is the first author. Lastly, conclusions

and future work are discussed in Chapter 8.



CHAPTER 2

CEREBRAL ANEURYSMS: EVALUATION AND TREATMENT STRATEGIES

2.1 Cerebral Aneurysms

Cerebral aneurysms are localized dilations in blood vessels of the brain. They are
predominantly found in major arteries at the base of the brain, particularly in the circle of
Willis. Although aneurysms can be saccular (sac-like) or fusiform (dilation along a part
of the vessel wall), over 90% of cerebral aneurysms are saccular [2]. An estimated 5% of
the world population harbor unruptured cerebral aneurysms [7]. Cerebral aneurysm
rupture can lead to a dangerous medical condition, called subarachnoid hemorrhage
(SAH), where blood from within the arteries ooze into the space between the brain and
the tissue covering the brain resulting in stroke. SAH is associated with a high rate of
mortality, and can also result in permanent neurological deficits [8]. Effective cerebral
aneurysm evaluation and treatment strategies (whether before or after rupture) are thus

critical for successful clinical outcomes.

2.2 Treatment Strategies

The goal of cerebral aneurysm treatment is to prevent rupture by isolating the aneurysm

from circulation. Current treatment techniques can be broadly categorized into two

groups: surgical and endovascular. In the surgical technique the aneurysm is accessed



from outside the blood vessel, while the endovascular technique treats the aneurysm from

within the affected blood vessels.

2.2.1 Surgical Treatment Techniques

Surgical treatment of cerebral aneurysms was the preferred method of treating unruptured
and ruptured cerebral aneurysms until the 1990s. In this technique, the neurosurgeon cuts
open a part of the patient's skull to physically access the aneurysm site. Small metallic
clip (or clips), made of titanium, are then placed across the neck of the aneurysm thereby
preventing the inflow of blood into the aneurysm sac, as demonstrated in Figure 2.1.
Although surgical clipping produced excellent results, the invasive nature of this
technique, long patient recover time, and the difficulty in treating inaccessible aneurysms
or aneurysms near vital brain tissue resulted in the popularity of endovascular technique.
The international subarachnoid aneurysm trial (ISAT) published in 2002 compared the
effects of surgical clipping to endovascular coiling in 2143 patients with ruptured
cerebral aneurysms. The patients were randomly assigned to surgical clipping or
endovascular coiling, and were assessed at 2 months and 1 year following treatment. The
findings indicated a higher mortality rate for surgical clipping compared to endovascular
coiling (30.6% versus 23.7%) [9].

In some cases where clipping is not a viable surgical option, blood flow into the
aneurysm is cutoff by occluding (one of) the inflow vessel(s). The occlusion procedure is

sometimes combined with a bypass in order to restore blood flow to the downstream



vasculature by using a small graft. This procedure has been applied to giant, inoperable

aneurysms [10]-[12].

Clip applied to
neck of aneurysm

Figure 2.1: Surgical treatment of a cerebral aneurysm by placing a clip
across the aneurysmal neck. The figure was reproduced from Brisman et
al. 2006 [13].

2.2.2  Endovascular Treatment Techniques

Endovascular treatment of cerebral aneurysms is a minimally invasive technique where a
neurointerventional surgeon makes a small incision at the femoral (or carotid) artery and
navigates a micro-catheter containing the endovascular device to the aneurysm site, under
fluoroscopic guidance. The device is then deployed in or around the aneurysm site to
facilitate isolation of the aneurysm from circulation. Due to the minimally invasive nature
of this technique, endovascular treatments have reduced hospital costs and mortality rates

by 23% and 50%, respectively [14].



Endovascular Coiling

Treatment with embolic coils has been the most popular technique for cerebral aneurysm
repair for over a decade [15], [16]. During this procedure, the aneurysm sac is packed
with series of flexible coils, as shown in Figure 2.2. Blood flow into the aneurysm is
reduced, thereby promoting thrombosis within the aneurysm sac. Over time, vascular
remodeling at the neck leads to complete isolation of the aneurysm from circulation. In
order to facilitate successful outcome, the packing density' (or PD) of the aneurysm is
determined before treatment, based on the aneurysm geometry. A study by Sluzewski et
al. demonstrated that aneurysms with PDs between 20% and 25% prevented unfavorable
post-treatment hemodynamics [17]. PD can be calculated by customizing the coil
deployment sequence prior to treatment based on the length, thickness, and loop radius of

each coil.

! Packing density is defined as the percentage of aneurysmal volume occupied by coils
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Figure 2.2: Endovascular treatment using embolic coils: (a) during
deployment, and (b) after deployment. Figure was reproduced from
Brisman et al. 2006 [13].

Endovascular Stenting

Sometimes embolic coiling alone is not a viable option for treatment of aneurysms with
neck size greater than 5 mm, or dome-to-neck ratio® less than 1.6 [18], [19]. In such
cases, one or more high porosity’ endovascular stents are often deployed across the neck
of the aneurysm, following which coils are deployed within the aneurysm sac. The high
porosity stent provides structural support, and prevents coil herniation into the parent
vessel. Sometimes, coiling is performed immediately after stenting, and in other cases the
two stages are performed over several days (or even months). Figure 2.3 represents a

large aneurysm at different stages of stent-assisted coiling treatment. The Enterprise stent

* The dome-to-neck ratio is defined as the maximum width of the aneurysm dome to the
diameter of the aneurysm neck.

3 Stent porosity is defined as the percentage of metal-free area per the total surface area of
the stent



(Cordis Neurovascular Inc, Miami Lakes, Florida, USA) and Neuroform stent (Stryker,

Freemont, California, USA) are some examples of high porosity endovascular stents.

Figure 2.3: Digital subtraction angiography images of a giant cerebral
aneurysm (a) immediately after stenting, (b) one month after stenting and
before coiling, and (c) one year after stent-assisted coiling [20].

Low porosity endovascular stents (also known as flow diverting stents) are
another class of endovascular stents used as a stand-alone treatment for cerebral
aneurysms repair. The high-density braided stent struts alters intra-aneurysmal
hemodynamics by reducing blood flow into the aneurysm, promoting intra-aneurysmal
thrombosis and eventual occlusion. The Pipeline Embolization Device (PED) is one such
FDA approved flow diverter often used in clinical practice that is associated with high
angiographic occlusion rates at 6 month post-treatment [21]-[23]. A computational
model of a PED is shown in Figure 2.4 [24]. PEDs were predominantly used to treat large
and giant saccular and fusiform cerebral aneurysms (greater than 10 mm in diameter)

[21], [22], [25]. However, since majority of the cerebral aneurysms found in the general
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population are under 10 mm, PEDs are being used to treat smaller aneurysms as well [5],
[26]. Although PEDs are associated with high occlusion rates, the effects of procedure
related mortality and morbidity, and long term treatment impacts (especially in larger

aneurysms) are not negligible [27], [28].

Figure 2.4: Computational model of a pipeline embolization device (PED)
deployed in an idealized sidewall aneurysm model.

2.3 Cerebral Aneurysm Evaluation in Clinical Practice

Cerebral aneurysm evaluation and treatment planning in clinical practice is largely based

on geometric features of the aneurysm, location of the aneurysm in the circle of Willis,

aneurysm morphology, and other patient-specific characteristics.

Geometric Features
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Aneurysm size is an important factor considered in clinical practice during
cerebral aneurysm risk assessment, and treatment strategies. Extensive studies focusing
on the natural history of aneurysms have identified dome size (DS) as an important
predictor of growth and rupture. Cerebral aneurysms with DS greater than 10 mm have
been found more prone to rupture [3], [5], [13], [29], [30]. However, 80% of the
aneurysms found in the general population are less than 10 mm, and a large number of
ruptured aneurysms recorded were also less than 10 mm [5], [31]-[34]. These finding
indicate that aneurysm size should not be considered as a lone predictor in evaluating
cerebral aneurysm risk. Additionally, while many larger aneurysms are treated almost
immediately, management of small cerebral aneurysms is still a gray area because the
tradeoff between associated treatment and rupture risks (especially when evaluation is
based on size alone) is often unclear [31].

Aneurysm dome-to-neck ratio (DNR), and neck size (NS) are important
geometric factors used in deciding suitable treatment strategies. DNR is defined as the
ratio of the maximum width of the aneurysm to the diameter of the neck. Studies have
shown that aneurysms with DNR over 1.6 and NS less than 5 mm, are suitable for
treatment with embolic coils without the need for any adjunctive techniques, while
treatment with PEDs are preferred for aneurysms with DNR under 1.5 (wide neck
aneurysms) [18], [19], [21], [25]. In addition to DS and DNR, the inflow angle (IA)
(defined as the angle between the inflow axis and main aneurysmal axis), has also been
linked to aneurysmal outcomes [6], [35].

Aneurysm geometry is also known to affect treatment outcomes. Aneurysms with

DS greater than 9 mm were observed to have higher recurrence rates after endovascular
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coiling than aneurysms between 3 and 9 mm (50% versus 21%) [36]. Cerebral aneurysms
with NS greater than 4 mm were also associated with high recurrence rates (52%) after
endovascular coiling [36]. PEDs, on the other hand, were successful in treating large and
giant aneurysms with rates of occlusion ranging from 81.8% to 94.4% at 6 months post-

treatment [21], [22], [37].

Location

The most common locations for cerebral aneurysm formation are in the Circle of Willis,
the arterial network at the base of the brain, as shown in Figure 2.5. It is estimated that
over 85% of cerebral aneurysms are found in the anterior circulation of the Circle of
Willis. However, studies on the natural history of cerebral aneurysms demonstrated that
aneurysms in the posterior circulation were more prone to rupture, and were independent

predictors of rupture risk with a hazard ratio of 2.9 [29], [38].
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Figure 2.5: Cerebral aneurysm locations (with the rate of occurrence) in
the Circle of Willis. The figure was reproduced from Brisman et al. 2006
[13].

Aneurysm Morphology
The morphology of the cerebral aneurysm also ties in with rupture risks. The presence of
atypical aneurysm morphologies, such as multiple lobes on the aneurysm or daughter

sacs, were found to increase the risk of aneurysm rupture [39], [40].

Patient-Specific Characteristics
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Patient-specific characteristics are especially important during cerebral aneurysm
evaluation. For example, Nahed et al., noted that age, sex, and cigarette smoking were all
important contributors to the rupture of small cerebral aneurysms (< 7 mm) [41].
Furthermore, patients with prior history of SAH were also found to be at higher risks of

aneurysm rupture [3], [5].

2.4  Role of Hemodynamics

Hemodynamics are known to be deeply involved in cerebral aneurysm initiation and
progression. Although the precise cause is unknown, it is believed to occur due to
complex interactions between the components of the blood vessel wall and hemodynamic
forces acting on the vessel wall [2]. Wall shear stress (WSS) is an extensively studied
hemodynamic response that is known to play an important role in cerebral aneurysm
initiation and growth. High WSS is believed to initiate cerebral aneurysm formation by
triggering the remodeling of the blood vessel wall [42], [43]. Low WSS, on the other
hand, weakens the integrity of the vessel wall, thereby causing aneurysm growth and may
eventually trigger aneurysm rupture [42]. Other hemodynamic parameters often
investigated by researchers include the cumulative flow crossing the aneurysm neck per
second (or cross-neck flow (CNF)), velocities, flow impingement regions, number of
vortices and relative resident times within the aneurysm [44]-[46]. As mentioned earlier,
the goal of aneurysm treatment is to isolate the aneurysm from circulation by reducing
the inflow of blood, and creating a low flow environment within the aneurysm to promote

thrombosis. Over time, vascular remodeling at the aneurysm neck will eventually seal the
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aneurysm from circulation. It is therefore essential to understand hemodynamic
environments before and after endovascular treatment.

In addition to comparing the pre- and post-treatment hemodynamics within the
aneurysm, it is also important to understand the impact of aneurysm geometry on
hemodynamics. It is well known that geometric factors are key determinants of
aneurysmal hemodynamics [47]. However, unlike geometric factors, hemodynamics is
considered only to a limited degree in current clinical practices during cerebral aneurysm
evaluation and treatment planning. A primary reason for this lack of consideration is that

hemodynamic data is often unavailable or difficult to acquire in clinical practice.
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CHAPTER 3

INVESTIGATION OF CEREBRAL ANEURYSM HEMODYNAMICS

3.1 Current Techniques for Evaluating and Measuring Cerebral Aneurysm

Hemodynamics

Cerebral aneurysm hemodynamics can be evaluated and measured within the body (in-
vivo), outside the body (in-vitro), and using computational simulation techniques (in-

silico).

3.1.1 In-Vivo Techniques

Various in-vivo techniques are employed for the measurement and evaluation of blood
flow in a cerebral aneurysm. Some of the techniques commonly used in clinical scenario
are Doppler ultrasound, Digital Subtraction Angiography (DSA), Computed Tomography
Angiography (CTA), and Magnetic Resonance Angiography (MRA) [48], [49].

The use of Doppler ultrasound for the measurement of blood flow in cerebral
arteries dates back to the early 1980s, where Aaslid et al., used this technique to record
blood flow through three basal cerebral arteries [48]. The working of the Doppler
ultrasound is based on the principle of the Doppler effect, where the difference in
frequencies between the transmitted and received waves provides an estimate of flow
velocity. During this procedure, a transmitter probe is placed on the skull (over the

temporal lobe) that emits low-frequency ultrasound waves (< 2 MHz). These waves
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travel through the skull into the blood vessels, and are reflected by the moving red blood
cells within the blood vessels. The change in frequency between the transmitted and
received waves (or the Doppler shift frequency, fp) is directly proportional to the blood
velocity, and cosine of the angle (0) between the transmitted beam (fr) and velocity

vector (V).

fD=fR_fT (3~1)

_Vxcos(0)x2f,
C b

(3.2)

where fr is the frequency of the received wave, and c is the speed of sound in blood

(1541 m/s) [50]. From equation 3.2, the blood flow velocity can be calculated as

vy Joxc (3.3)
2 f, xcos(0)

Although this technique is inexpensive and allows dynamic evaluation of cerebral
hemodynamics, it is highly operator dependent [51], [52]. Furthermore, about 10-20% of
patient-population have inadequate trans-temporal acoustic windows that limits the
quality of the received ultrasound waves [52].

The current standard technique for cerebral aneurysm evaluation and examination
of treatment effectiveness in clinical practice is DSA. During a traditional angiography
procedure the radiologist injects dye into the blood stream, and X-rays are used to
visualize the contrast-enhanced blood vessels. However, during this process surrounding
soft tissues also show up on the X-ray films, and can compromise the quality of
visualization. During DSA imaging, an initial image is taken before contrast is injected
into the blood stream. The radiologist then injects contrast at a controlled rate, while X-

ray images are captured at a preset rate. Each of the images with contrast is then
17



subtracted from the initial image to obtain images of the cerebral aneurysm with superior
spatial resolution [53]. DSA is used for precise visualization of the cerebral aneurysm and
its surrounding vasculature in order to determine suitable treatment strategy, and also
after treatment with endovascular devices or neurosurgical clipping to assess treatment
success [54], [55]. Figure 3.1 shows DSA images of a cerebral aneurysm pre- and post-
treatment with embolic coils. Additionally, this technique can provide hemodynamic
information. However, if the aneurysm overlaps with adjacent vasculature, accurate
visualization of the aneurysm is challenging. Three-dimensional (3D) rotational DSA
imaging can be used in such cases. DSA is an expensive and invasive imaging technique,
and is associated with complication rates 2-4%, with permanent neurological deficits in

0.3-0.5% of patients [49], [56]-[58].

Figure 3.1: Digital subtraction angiography images of a basilar tip
aneurysm (a) prior to treatment, (b) during and (c) after treatment with
stent-assisted embolic coiling. The images were obtained with permissions
from RSNA®, and was published in Radiology 2009 (Vol: 253, pp: 199-
208) by Tahtinen et al. [55]. Permission letter is attached in Appendix A.
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While DSA is the preferred technique for cerebral aneurysm evaluation, CTA and
MRA are frequently used for 3D visualization of cerebral aneurysm anatomy [49].
During CTA, a contrast dye is injected into the blood vessel and image slices of the
region of interest (i.e., the aneurysm) are acquired from different perspectives. These
different slices can be used to generate a rotational 3D model of the vasculature. MRA is
a similar technique where 3D representation of the vessel anatomy can be reconstructed
from image slices of the vasculature. Examples of cerebrovasculature obtained using
CTA and MRA are shown in Figure 3.2. An advantage of MRA over CTA is that MRA
does not require the use of contrast materials due to the absence of ionizing radiations.
Nevertheless, gadolinium contrast agents can be used for better blood vessel and
aneurysm visualization. Furthermore, MRA is suitable for acquiring morphological as

well as hemodynamic information in cerebral blood vessels [59], [60].

Figure 3.2: (left) CTA image of a cerebral aneurysm, and (right) MRA
image of a healthy cerebrovascular system. Figure was reproduced from
Keedy et al. 2006 [49]. Permission letter is attached in Appendix A.
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The non-invasive nature of CTA and MRA imaging with improved delineation of
the vessel wall has lead to the popularity of these techniques over DSA. A meta-analysis
comparing CTA with DSA in the diagnosis of cerebral aneurysms demonstrated that
CTA images could be acquired with lesser patient risk and at reduced costs [61].
However, detection of small aneurysms (< 4 mm), and aneurysms next to bone structures,
with CTA remains problematical [62]-[64]. Magnetic Resonance Imaging (MRI) and its
variants can also be used to directly measure cerebral aneurysm hemodynamics, and is
often used to provide patient-specific boundary conditions for computational fluid

dynamic (CFD) simulations [65]-[67].

3.1.2  In-Vitro Techniques

In-vitro techniques, such as Particle Image Velocimetry (PIV) and Laser Doppler
Velocimetry (LDV), are frequently used to investigate the effects of hemodynamics on
cerebral aneurysm growth, rupture, and treatment [68]-[71]. The general process of in-
vitro flow experimentation involves (1) constructing/creating the computational model,
(2) translating the computational model into a physical model, (3) connecting the
physical model to a flow loop filled with blood analog fluid, and (4) measuring fluid flow
through the model using optical imaging or other flow measurement techniques.

PIV is a powerful laser-based, optical flow measurement technique extensively
used in cerebral aneurysm research [20], [69], [72], [73]. During this technique, one or
more high-resolution cameras capture images of particles (illuminated by a laser)

suspended in a flowing fluid in quick succession, and calculate flow velocities by
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comparing particle movement between subsequent frames. An overview of the PIV
experimentation process is illustrated in Figure 3.3, and a detailed explanation is provided

in Section 3.3.

Velocity Magnitude

Figure 3.3: In-vitro experimental process. (a) Segmented aneurysm from
CT image, (b) 3D computational model, (c) lost-core physical model of
the cerebral aneurysm, (d) experimental flow loop, and (e) aneurysmal
flow vectors obtained from experimental investigation [74].
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3.1.3 In-Silico Techniques

Advances in computational modeling techniques have allowed the use of computational
fluid dynamics (CFD) for the investigation of cerebral aneurysm hemodynamics, in-
silico, on a patient-specific basis. CFD solves the governing equations of fluid flow (i.e.,
Navier-Stokes equations) using numerical methods and algorithms. The validity of CFD
simulations has been confirmed by various experimental studies, and it is the most
popular technique for measuring and analyzing cerebral aneurysm hemodynamics [75]-
[78]. CFD offers several advantages over in-vivo and in-vitro examination of cerebral
aneurysm hemodynamics. CFD allows hemodynamic examination of large patient
population. In-vivo flow measurement can pose significant patient risks [56], [58], while
in-vitro evaluation requires the construction of customized flow models for individual
aneurysm geometries and can be time-consuming. CFD techniques also allow evaluation
of cerebral hemodynamics after virtual treatment with endovascular devices such as
embolic coils and stents [79]-[81]. In spite of the flexibility that CFD offers over
experimentations, it is not without limitations. One of the major limitations is the
computational power required to perform such tedious numerical calculations. As a
result, simplifying assumptions are often made to reduce simulation complexity by
assuming that the vasculature has rigid walls, and the fluid is modeled as Newtonian and
incompressible. Additionally, computational analysis of complex devices also proves to

be challenging, primarily due to difficulty in meshing the device geometry.
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In general, flow investigation using CFD entails the following steps: (1)
construction of the computational model, including the inflow and outflow vessels, (2)
discretization of the computational geometry into mesh elements, (3) application of
boundary conditions to the inflow(s), outflow(s), and vessel walls, and (4) simulation of

blood flow through the model. An example of the CFD process is presented in Figure 3.4

(a)-(c).

Velocity Magnitude (m/s): 0.00 0.05 0.10 0.15 0.20

==

73

Figure 3.4: In-silico flow investigation. (a) Computational cerebral
aneurysm model, (b) the meshed computational geometry, and (¢c) CFD
simulation results represented as streamtraces color coded by velocity
magnitude.
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3.2 Investigation of Cerebral Aneurysm Hemodynamics Using Computational Fluid

Dynamics

CFD is a branch of fluid dynamics that numerically solves the equations describing fluid
flow using principles of physics, mathematics, and computer science. Some advantages
of CFD over experimental measurement techniques are as follows:
* 3D flow information can be obtained using CFD, whereas most experiments are
point/plane based
¢ Complex flows can be simulated
* Faster turnaround time compared to experiments since CFD does not require the
construction of physical vascular models
* Unphysical flow phenomena can also be investigated for better understanding of
underlying physics.
This section details the CFD methods used to acquire the hemodynamic parameters
presented in Chapters 4, 5, 6 and 7. The importance of meshing and boundary conditions
are also highlighted in this section. The workflow process to obtain simulation results is

shown in Figure 3.5.
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Figure 3.5: Various steps involved in successfully setting up and
performing a CFD simulation.

3.2.1 Governing Equations of Fluid Flow

The governing equations of fluid flow are based on the laws of conservation of (1) mass,
(2) linear momentum, and (3) energy. In order to simplify the complexity of CFD
simulations for modeling blood flow, some assumptions have to be made. One of the
main assumptions made is modeling blood as a Newtonian and incompressible fluid. In
reality, blood is a non-Newtonian fluid (i.e., the shear stress is not linearly proportional to
the shear rate), with some amount of compressibility. However, modeling non-Newtonian
flow behavior is a complex process, and therefore the assumption of Newtonian behavior
is commonly used in modeling blood flow. Studies comparing non-Newtonian and
Newtonian fluid models in cerebral aneurysms have demonstrated that while absolute
values of calculated hemodynamic responses vary between the two fluid models, the
global characteristics of flow patterns do not vary significantly [64], [82].

The Navier-Stokes equations are the governing equations of fluid flow consisting
of continuity and momentum equations. The general form of Navier-Stokes equation is

can be written as follows:
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Vi =0, (3.4)

W Vi =- L VP W 4 5, (3.5)
ot P

where v is the velocity vector, P is the pressure, p is the density of the fluid, v is the

kinematic viscosity of the fluid, and g is the gravitational force. The kinematic viscosity

is defined as the ratio of the dynamic viscosity and density of the fluid (v = Ll ). Equations
P

3.4 and 3.5 are the continuity and momentum equations, respectively.
3.2.2 Computational Modeling

The first step towards setting up a CFD simulation is the construction of the
computational geometries. In this dissertation the effects of geometry and treatment on
idealized bifurcation and sidewall cerebral aneurysm hemodynamics were investigated.
SolidWorks (Dassault Systémes, Waltham, Massachusetts, USA) was used to construct
the idealized aneurysm templates. The computational bifurcation aneurysm template was
designed based on angiographic image of a basilar tip aneurysm, as shown in Figure 3.6
(a). The aneurysms were constructed as spheres, and the parent vessels were modeled as
4 mm diameter cylinders. Examples of the final bifurcation and sidewall aneurysm
templates are shown in Figure 3.6 (b) and (c). Details on the idealized template designs

are presented in Chapters 4 and 5.
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a b C

Figure 3.6: (a) In-vivo angiogram image of a basilar tip aneurysm [15], (b)
idealized bifurcation aneurysm model, and (c) idealized sidewall
aneurysm model.

A few patient-specific cerebral aneurysm models were also investigated in order
to translate the findings based on the idealized templates to more realistic scenarios. The
anatomical aneurysm geometries were segmented and reconstructed from patient-specific
CT datasets using Mimics (Materialize, Leuven, Belgium). The underlying CT data had
image matrix sizes of 512 by 512 pixels, pixel dimensions of 0.5 mm square, and slice
thicknesses of 0.625 mm. The models were then trimmed using Geomagic (3D Systems,
Rock Hill, South Carolina, USA) to represent the region of interest (i.e., aneurysm and
parent vessels), and smoothened to remove geometric aberrations (if any). The inlet and
outlet(s) of all the computational templates were extruded to ensure fully developed flow
conditions at the aneurysm site, and to aid in simulation convergence. The final
computational models (idealized and anatomical) were then exported as Virtual Reality

Modeling Language (VRML) files for meshing.
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3.2.3 Mesh Generation

Mesh generation is an important step in the CFD workflow since the governing equations
of fluid flow are discretized and solved within each of the mesh elements. The cerebral
aneurysm templates were meshed in ANSYS ICEM 14.1 (Ansys, Inc., Canonsburg,
Pennsylvania, USA), where the fluid volume was discretized into unstructured tetrahedral
mesh elements using the patch-independent Octree approach. The Octree approach is
based on the concept of spatial subdivisions where: (1) a “root” tetrahedron is first
generated such that it encloses the entire geometry, (2) the tetrahedron is next subdivided
in powers of 2 until all the elements either match or are smaller than the maximum
element size specified by the user, (3) the tetrahedral elements close to the surface are
projected onto the surface as triangles to create a surface mesh around the geometry, and
(4) the volume and surface mesh elements are smoothed by moving nodes and edges until
it conforms to the geometry. The Octree approach was chosen for meshing since it is
most suited for discretizing complex geometries.

Adequate mesh resolution is required to accurately capture fluid dynamics within
the aneurysm, and it affects the accuracy of the hemodynamic responses investigated. In
order to ensure that the hemodynamic responses obtained were independent of mesh
sizes, mesh refinement studies were performed on one idealized untreated bifurcation and
one untreated sidewall cerebral aneurysm template at a steady inflow rate of 3 mL/s. The
final mesh sizes were deemed acceptable when changes in the hemodynamic response

calculated between different mesh resolutions were less than 5%. The meshes were then
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imported into ANSYS Fluent (Ansys, Inc., Canonsburg, Pennsylvania, USA) for CFD

simulations.

3.2.4 Boundary Conditions

Boundary conditions play a vital role in dictating the accuracy of hemodynamics obtained
from CFD simulations. In order to obtain physiologic flow fields, it is essential to supply
accurate and realistic boundary conditions. Velocity-based inflow boundary conditions
are most commonly used for incompressible flow simulations, where the velocity vector
and scalar of the flow at the inlet are specified. This velocity information can be obtained
either on a patient-specific basis, or based on existing literature of flow velocities in the
region of interest (in this case, cerebral blood flow).

The outlet boundary conditions describe the downstream vasculature of the
cardiovascular system, and are more complex than inlet boundary conditions. The effects
of outlet boundary conditions on pressure and flow fields within the domain of interest
have been thoroughly investigated by various researchers, and it has been well
established that the downstream vasculature plays an important role in producing realistic
hemodynamics within the simulated arteries [83]-[86]. The most commonly used outlet
boundary condition for flow simulation in arteries is by specifying zero pressure or
zero-traction at the outlet. This boundary condition assumes that blood flows freely
through the system, and the flow regime within the domain of interest is solely dictated
by the arterial geometry. But in reality, the downstream vasculature is largely responsible

for modifying hemodynamics, and also in dictating the direction of flow though the

29



system [87]. Proper flow split between different arteries can be captured by resistance
outflow boundary conditions, depicted by the resistor in Figure 3.7 (a). This model
takes the resistance of the downstream vasculature into account while performing CFD
simulations, and is the simplest model to implement. In the resistance boundary
condition, a direct linear relationship exists between pressure (P) and flow (Q) through
the blood vessel, and can be written as:

P=RQ, (3.6)

where, R, is the peripheral (downstream) resistance of the domain under investigation.
Using this formulation, appropriate outlet pressures can be prescribed for the CFD

simulations.

(b) R Rp
0 >
C

Figure 3.7: Electrical analog of (a) resistance, and (b) Windkessel outflow
boundary conditions.

The main drawback of the resistance outflow boundary condition is that it does
not take blood vessel compliance into account. In order to integrate the effect of wall
compliance, more complex lumped-parameter models can be used as outlet boundary

conditions. The simplest of the lumped-parameter models used in cardiovascular
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literature is the Windkessel model (or RCR model) that includes a capacitor (C) to
account for vessel compliance. The electrical analog of the Windkessel outflow boundary
condition is presented in Figure 3.7 (b). The equations representing the three elements (R,

R, and C) can be combined into a single ODE [86] to obtain

dp 1 o 1
L4 p—=R—=+——(R+R))O0, 3.7
dt pRpC dt R C( 20 3.7)

and solution to the above equation is,

L ﬁ
(H)=e B (e R
P '{ ds

dQ(s) +$(R+RP)Q(s)ds+ 2(0). (3.8)

p

Although the Windkessel outflow boundary condition can accurately model physiological
flow regimes, such boundary conditions become more important for deformable wall
simulations such as in the cardiovascular regions where, unlike the cerebrovasculature,
compliance is highly prevalent [87].

In this dissertation, flow rates of 2, 3, and 4 mL/s were investigated, that
corresponded to inflow velocities of 0.159, 0.239, and 0.318 m/s, respectively. The flow
rates were chosen to span healthy and diseased flow conditions in a cerebral artery, and
the values were taken from literature [88]. Steady and pulsatile flow conditions were
investigated. For the steady state simulations, a constant velocity value was prescribed at
the inlet. In some simulations (untreated bifurcation aneurysms), a user-defined parabolic
flow profile was prescribed at the inlet, while a modified vertebral artery flow waveform
was specified at the inlets for the pulsatile simulations [89]. Zero-pressure (and zero-

traction) outlet boundary conditions were applied to the idealized bifurcation cerebral
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aneurysm templates, while a resistance outlet boundary condition was applied to the
idealized sidewall cerebral aneurysm templates. The vessel walls were assumed to be
rigid. While compliant walls would be more beneficial, previous studies have shown that
the main driving factor for aneurysmal hemodynamics is vessel geometry and that vessel
compliance is secondary or even tertiary [44]. Furthermore, the global flow and stress
profiles generated from compliant wall simulations were similar to those from the rigid

wall simulation cases [90], [91].

3.2.5 Simulations

The meshed aneurysm templates were imported into ANSYS Fluent where CFD
simulations were performed. Blood was modeled as incompressible and Newtonian fluid.
Initial and boundary conditions, as described in the previous section, were specified. The
convergence criteria for the continuity and momentum equations were then specified as
1x107, to ensure solution stability and accuracy. A pressure-based segregated solver was
used to solve the Navier-Stokes equations. The Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm was used for pressure-velocity coupling, and a

second-order discretization scheme was used for momentum.

3.2.6 Analysis

The CFD results were analyzed using Tecplot 360 (Tecplot, Inc., Bellevue, Washington,
USA) to compute hemodynamic responses within the aneurysm and at the aneurysm
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neck. Aneurysmal and neck-plane root-mean-squared velocity magnitude (Vi)
aneurysmal wall shear stress (WSS), and amount of flow crossing the aneurysm neck per
second (or cross-neck flow, CNF) were computed for all the CFD simulations. The CFD
results were also analyzed with JMP Pro (JMP, SAS Institute, Inc., Cary, North Carolina,
USA), a statistical analysis software, to quantify the contribution of each geometric factor

towards modifying a hemodynamic response.

33 Investigation of Cerebral Aneurysm Hemodynamics Using Particle Image

Velocimetry

PIV is a powerful experimental laser-based flow measurement technique often used in
cardiovascular research. A typical PIV setup includes a flow loop filled with blood
analog fluid connected to an optically-clear vascular model, buoyant microsphere
(fluorescent microspheres or glass beads) particles suspended in the fluid, a laser to
illuminate the particles within the fluid, one or more cameras to capture the illuminated
particles, and a PIV processing software. PIV calculates instantaneous flow velocities by
measuring the displacement of flowing particles between image frames. This section

describes the PIV process used to acquire the data presented in Chapters 4, 6 and 7.

33



3.3.1 Physical Modeling®

A subset of the computational idealized bifurcation aneurysm templates were translated
into optically clear urethane models for flow experimentation using PIV using lost-core
manufacturing technique. An example of the physical modeling process of an anatomical
cerebral aneurysm is illustrated in Figure 3.8. The first step towards translating the
computational model to a physical model was the printing of a wax core based on the
computational geometry using a Solidscape® R66+ 3D printer (Solidscape®, Inc.,
Merrimack, New Hampshire, USA), shown in Figure 3.8 (d). The wax model was then
encapsulated in a silica-based and subsequently placed in a kiln. The wax within the
investment was burned off, leaving a hollow channel in the shape of the computational
model. Molten eutectic lead-tin-bismuth alloy was then poured into the silica channel, as
shown in Figure 3.8 (d). The result was a metal core in the shape of the computational
model. The metal core was extracted from the investment and then sanded and polished,
depicted in Figure 3.8 (e). Optically clear urethane (PolyOptic 1411, Polytek
Development Corp., Easton, Pennsylvania) was then poured around the metal core, and
was cured in a pressure chamber to remove optical impurities caused by trapped gases.
The metal core encapsulated by optically clear urethane is shown in Figure 3.8 (g).
Following the curing, the metal core was evacuated from the urethane block by placing

the model within a kiln at a temperature just above the metal’s melting point. Remnant

*The physical modeling process was developed and performed by Dr. Justin Ryan as a
doctoral student in the School of Biological and Health Systems Engineering at Arizona
State University.

34



metal was removed with an acid bath. The final urethane model was sanded and polished
to enhance optical clarity, and connected to a flow loop for PIV experiments. Figure 3.8

(h) and (1) depict the final aneurysm model and flow loop, respectively.

Figure 3.8: Physical model construction process for an anatomical cerebral
aneurysm. (a) image acquisition, (b) segmentation and reconstruction of
the cerebrovasculature, (c) creation of the 3D computational aneurysm
model, (d) wax model constructed from the computational model, (¢) and
(f) metal re-cast of the wax model, (g) metal model encapsulated by clear
urethane, (g) close up of the lost-core aneurysm model, and (h)
experimental flow loop.
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3.3.2 Flow Loop

The optically clear urethane models were mounted on a micrometer stage and connected
to a flow loop, as shown Figure 3.9. A mixture of aqueous sodium iodide (Nal), glycerin
and water was chosen as the blood analog. The blood analog had a density and viscosity
of 1500 kg/m’ and 3.86 cP. The blood analog fluid was also seeded with 8um fluorescent
microspheres (Thermo Scientific, Waltham, Massachusetts, USA) that experience peak
excitation and emission at wavelengths of 542 nm and 618 nm, respectively. The
refractive index of the blood analog fluid matched to that of urethane (n = 1.49), to

prevent laser reflections between the urethane and the fluid.
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Figure 3.9: Photograph of the PIV system.
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A peristaltic pump (Harvard Apparatus, Holliston, Massachusetts, USA) was used
to drive the blood analog fluid through the flow loop. Since the pump inherently
produced pulsatile flow pattern, an additional flow path including a variable compliance
chamber was incorporated to provide a steady inflow. The variations in the dampened
steady flow waveform, above or below the steady flow rate, were less than 5% of the
steady flow rate. Valves were used to switch between the two inflow paths. Equal
vascular resistances were imposed at the outlets. Inflow and outflow rates were controlled
and monitored using a resistance valve and an infrared flowmeter (Omega Engineering,

Inc., Stamford, Connecticut, USA).

3.3.3 Data Acquisition

Particle movement within the aneurysmal domain was captured by a Flow Master 3D
Stereo-PIV system (LaVision, Ypsilanti, Michigan, USA). Light sheet from a dual-pulse,
532 nm Nd:YAG laser was used to illuminate the suspended fluorescent polymer
microspheres within the aneurysmal volume. The light sheet, of 0.5 mm thickness, was
formed by an optical arrangement of short-focal length cylindrical lens and a long focal
length spherical lens housed within the laser unit. Two Imager Intense CCD cameras at a
resolution of 1376 x 1040 pixels, with a pixel size of 6.45um square, were used to
capture the illuminated fluorescent particles. Each camera captured images corresponding
to the laser exposure, i.e., camera 1 captured two particle images and camera 2 captured

two particle images corresponding to the exposure 1 and exposure 2 of the dual-pulse
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laser. The cameras were fitted with AF Micro-Nikkor 60 mm lens (Nikon, Tokyo, Japan),
with lens f-numbers of 8, and were placed in a standard stereoscopic configuration as
shown in Figure 3.10. The cameras were also fitted with low-pass optical filter to block

unwanted laser reflections due to the model.

Urethane Model

Blood Volume
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Figure 3.10: Standard configuration of a stereoscopic PIV system with two
cameras. 0; and 0,, and F; and F, are the camera angles and the focal
lengths of Camera 1 and Camera 2, respectively.

Steady and pulsatile inflow rates of 2, 3, and 4 mL/s were investigated, to match
the CFD simulations. One hundred image pairs, taken at 5 Hz, were captured at three to
five planes within the model to obtain volumetric flow information, at each flow rate.

Images were acquired at the center plane (bisection the aneurysm, and inflow and outflow
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vessels), and planes that were displaced orthogonally from the center plane by 0.5 mm.

An example particle image (obtained at the center plane) is shown in Figure 3.11.

Figure 3.11: A particle image obtained during PIV data acquisition.

3.3.4 Camera Calibration

The particle images acquired from the CCD cameras have to be calibrated before further
processing in order to relate the camera dimensions (pixels) to a spatial measurement
(mm), and correct for any registration errors. A flat type-5 calibration plate, was attached
to a urethane block, and placed at the location of the light sheet on the micrometer stage.
The thickness of the urethane block was similar to the thickness between the outer edges
of the aneurysm model to the center of the lumen. An image was acquired at the location

of the light sheet, following which another image was acquired with the calibration plate
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displaced from the light sheet by 0.5 mm. The markers on the calibration plate were then
detected by DaVis Software (LaVision, Ypsilanti, Michigan, USA), as shown in Figure
3.12. Based on the detected marker positions, a mapping function was calculated based
on the camera pin-hole model. A self-calibration process was also performed to minimize
the root-mean-square (RMS) error, and to create a disparity map. Finally, the disparity
correction was applied to correct for any unintentional alignment of the calibration plate

and for changes in light sheet caused by laser reflections.

Figure 3.12: Marked flat type-5 calibration with software detected
markers.

3.3.5 PIV Processing

PIV calculated the instantaneous velocity vector field by measuring the particle

displacement between images, obtained during the first and second laser exposure, using

40



cross-correlation. Each particle image was subdivided into smaller regions, called
interrogation spots or “windows”. A space-time cross-correlation of the particles lying
within each window was then performed, as shown in Figure 3.13. Displacement peaks
were calculated when the particle patterns matched, and the location of the highest peak

determined the particle displacement [92].

Cross |
cormrelation \

peak search

7
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vector v(t)

Figure 3.13: Calculation of particle displacement by comparing images
obtained at two subsequent exposures using cross-correlation. Figure was
reproduced from the LaVision FlowMaster Product-Manual.

The PIV algorithm within DaVis consists of three stages of processing: (1) image
pre-processing, (2) vector calculation, and (3) vector post-processing. In the image pre-
processing stage, the average of all 100 images is subtracted each particle image
facilitating image background removal. The vector calculation stage involves setting up
the PIV cross-correlation function. Multi-pass recursive cross-correlation algorithm was
chosen to process the PIV images. Initial and final window sizes of 32 x 32 pixels and 16
x 16 pixels, respectively, with a window overlap of 50% were applied to the cross-

correlation algorithm. Finally, spurious vectors were removed during vector post-
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processing by (1) specifying an allowable vector range, (2) specifying a minimum peak-
to-noise ratio” (Q), (3) applying a median filter, and (4) specifying minimum number of
vectors in a group. The peak-to-noise ratio is defined as the ratio of the highest
correlation peak (P,) to the second highest correlation peak (P»), and is calculated as

P, —min

0 (3.9)

P, -min ’
where “min” is the lowest value of correlation. The median filter calculated the median of
9 neighboring vectors in the interrogation window and compared that value to the center
vector. The center vectors were removed if the calculated median was greater than a
specified value (for example, 2 times the R.M.S of the neighboring vectors). An example

of the final vector field obtained from DaVis is shown in Figure 3.14.

[mm]
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Figure 3.14: Velocity vector field (averaged) color-coded by velocity
magnitude obtained after PIV processing in DaVis.

> The value of Q should be as high as possible to accurately measure particle

displacements
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3.3.6 Analysis

The final averaged velocity vector fields were exported as Tecplot data files, and
analyzed using an in-house Matlab (MathWorks, Naticks, Massachusetts, USA) to
quantify hemodynamic responses such as Vy,,s and CNF. The CNF was calculated as:
CNF=W-L(S‘@), (3.10)
P
where W is the window size, L is the laser sheet thickness, and V; is the velocity at the

neck-plane at the i point, and the Vy,,qwas calculated as:
1 n
VRMS=,/;EIViI- (3.11)
i=1

The hemodynamic responses calculated from PIV were then compared directly to the

corresponding responses obtained using CFD for validation.
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CHAPTER 4
EFFECTS OF GEOMETRIC VARIATIONS ON IDEALIZED BIFURCATION

ANEURYSM HEMODYNAMICS

4.1 Introduction

Branching points of major arteries in the Circle of Willis are common sites for the
formation of cerebral aneurysms [93]. Complex hemodynamics at the branching points
promote in vascular remodeling, leading to the cerebral aneurysm initiation [94]. The
influence of aneurysm geometry on cerebral aneurysm evaluation and treatment planning
has been described in detail in Chapter 2. Additionally, cerebral aneurysm geometry has
been established as the primary driver of hemodynamics, and can influence growth
and/or rupture, and effectiveness of treatment outcomes [45], [95].

In this chapter, the effects of geometric variations on idealized basilar tip
aneurysm (IBTA) hemodynamics have been quantified in order to attribute specific
hemodynamic features to geometric underliers that are routinely quantified in clinical
practice. Basilar tip aneurysms (BTAs) were chosen in part because aneurysms at the
basilar artery bifurcation have been associated with greater risk of rupture [4], [13], [93],
[96]. Furthermore, the location of the aneurysm in the circle of Willis is a dangerous and
difficult region to access with surgical clipping. Toward this end, a design of experiments
is employed based on parallel computational and bench-top data. The statistical
relationships between geometry and flow that emerge have the potential to play a

valuable role in current clinical practices for evaluating cerebral aneurysms and planning
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their treatments. Methods and results specific to the IBTA templates are discussed in this

chapter.

4.2 Methods

4.2.1 Study Design

Changes in aneurysm geometry were parameterized in terms of three geometric factors
(i.e., DS, DNR, and IA), and hemodynamic effects were parameterized in terms of four
responses (i.e., aneurysmal WSS, aneurysmal and neck-plane Vg, and CNF).
Schematic representations of each geometric factor (and values used) are presented in

Figure 4.1, to facilitate the creation of a two-level full factorial design.

Low High
Dome Size Q Q
4 mm 6 mm
Dome-to-Neck Q
Ratio Q 3:2 2:1
Inflow Angle
(Bifurcation
Aneurysm)
135° 180°

Figure 4.1: Schematic representation of the three investigated geometric
factors. The directions of inflow and outflows are marked by arrows in the
drawing.

45



Eight unique combinations of the three investigated geometric factors were generated
using a 2’ full factorial design, as shown in Figure 4.2. The corners of the cube represent
the different models, or geometric templates, each corresponding to low or high levels of
the three factors. For example, the label 1(4,3:2,135) refers to the first IBTA model
(IBTA-1) with 4 mm DS, 3:2 DNR, and 135° TA. The edges of the cube are color-coded
to represent a change in one geometric factor, with the other two factors held constant,
and the arrows indicate an increase in factor value. Red edges correspond to a change in
DS (increasing from 4 mm to 6 mm with the red arrow), green edges correspond to a
change in DNR (increasing from 3:2 to 2:1 with the green arrow), and blue edges

correspond to a change in A (increasing from 135° to 180° with the blue arrow).

4(4,2:1,180) 8(6,2:1,180)

>
3(4,2:1,135) 7(6,2:1,135)
P
>
2(4,3:2,180) 6(6,3:2,180)
>

1(4,3:2,135) 5(6,3:2,135)

Figure 4.2: Cube representing a two-level full factorial experimental
design based on three geometric factors: dome size, dome-to-neck ratio,
and inflow angle.
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To determine if the hemodynamic responses observed for the idealized templates
could potentially be translated to more realistic patient-specific geometries, two
anatomical BTA (or ABTA) models that were similar to two of the IBTA templates were
also examined. The first ABTA model, ABTA-1, had a DS of 9.59 mm and DNR of 2.8,
and the second ABTA model, ABTA-2, had a DS of 14.24 mm and DNR of 1.4. The IAs
for both anatomical models were approximately 180°. ABTA-1 and 2 matched closely to
the geometric configurations of IBTA-4 (DS = 4 mm, DNR = 2:1, and IA = 180%) and
IBTA-6 (DS = 6 mm, DNR = 3:2, and TA = 180°). Although the anatomical models had
larger domes as compared to the corresponding idealized templates, the proportional
increase in DS between ABTA-1 and ABTA-2 were comparable to the increase in DS
between IBTA-4 and IBTA-6 (i.e., roughly 1.5 times). Furthermore, according to
standard clinical convention, the DNRs of the anatomical aneurysms correspond to

narrow-neck and wide-neck aneurysms, as do IBTA-4 and IBTA-6.

4.2.2 Computational Methods

4.2.2.1 Computational Model Construction

The eight idealized computational cerebral aneurysm templates were designed in
SolidWorks (Dassault Systemes, Waltham, Massachusetts, USA). The aneurysm
templates were modeled after a DSA image of a basilar tip aneurysm as shown in Figure
3.1 (a). The aneurysms were constructed as spheres, and the inlet and outlet vessels were

modeled as 4 mm diameter cylinders. DS, DNR and IA values were imparted to the
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models as reported in Figure 4.2, and shown in Figure 4.3. The directions of inflow and
outflows are also represented in Figure 4.3 within the first template (IBTA-1). To create
the two anatomical aneurysm models, patient-specific CT image datasets were segmented
and reconstructed using Mimics (Materialise, Leuven, Belgium). The underlying CT data
had image matrix sizes of 512 by 512 pixels, pixel dimensions of 0.5 mm square, and

slice thicknesses of 0.625 mm.

IBTA-1 IBTA-2 IBTA-3 IBTA-4
(4,3:2,135) (4,3:2,180) (4,2:1,135) (4,2:1,180)
A |
% \ \' N
\
IBTA-5 IBTA-6 IBTA-7
(6,3:2,135) (6,3:2, 180) (6,2:1, 135)
\\ \

Figure 4.3: Computational IBTA templates. The numbers in red, green,
and blue represent the DS (in mm), DNR (no units), and A (in degrees),
respectively. The black arrows represent the directions of inflow and
outflows.
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4.2.2.2 Computational Fluid Dynamics

The computational templates were prepared for CFD simulations in ANSYS ICEM 14.1
(ANSYS, Inc., Canonsburg, Pennsylvania, USA), where the blood volume was
discretized into unstructured tetrahedral mesh elements using the Octree approach. To
ensure that the hemodynamic parameters investigated were independent of mesh size, a
mesh refinement study was performed on the base model (IBTA-1) by decreasing the
maximum element size from 0.5 to 0.2 mm. Steady flow simulations at 3 mL/s were
performed for all mesh sizes. The final mesh size was deemed acceptable when the
change in Vi, between subsequent mesh sizes were less than 1%, and change in WSS
was less than 5%. The final meshes (for all simulations) ranged between 6.1 to 7.1
million elements.

The meshed geometries were then imported into ANSY'S Fluent to perform steady
and pulsatile flow simulations with inflow rates of 2, 3 and 4 mL/s, corresponding to
Reynolds numbers of 247.39, 371.09, and 494.78, respectively. These flow rates span the
range of normal, exercise and diseased flow rates reported in literature [88]. The models
were assumed to be rigid, and a no-slip boundary condition was applied at the vessel
wall. Blood was assumed to be incompressible and Newtonian, with a density of 1500
kg/m’ and viscosity of 3.86 cP. The density and viscosity were chosen to match the blood
analog solution used for PIV experiments (described later). User-defined parabolic flow
profiles were prescribed at the inlet for the steady simulations, and Ford vertebral artery

flow waveforms (Ford et al., 2005) were used for the pulsatile simulations. Three cardiac
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cycles were simulated for the pulsatile simulations, and minimum and maximum time-
step sizes of 1 ms and 3 ms were specified for the third cardiac cycle using the adaptive
time-stepping technique in Fluent. Zero-pressure boundary conditions were imposed at
the outlets. Pressure-velocity coupling was specified according to the SIMPLE algorithm,

and a second order upwind scheme was used for momentum discretization.

4.2.3 Experimental Methods

4.2.3.1 Physical Model Construction

A subset of the IBTA templates was chosen for validation with PIV. A fractional factorial
design was employed to select five of the eight IBTA models, depicted by the orange
bubbles in Figure 4.4. This allowed for experimental examination of model pairs with
changes in each individual geometric factor, as well as a model pair with changes in all
geometric factors concurrently. Experiments were also conducted on ABTA-1 and
ABTA-2. Inflow rates of 2, 3 and 4 mL/s were explored under steady and pulsatile flow
conditions (for all experimental models) in order to match the CFD simulations. The
physical models were then constructed using a lost-core manufacturing technique, as
explained in Section 3.3.1. An example of a physical urethane IBTA model is shown in

Figure 4.5.
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Figure 4.4: Cube representing a full factorial design of DS, DNR and IA.
The orange bubbles represent the five IBTA temples chosen for PIV
experimentation based on a fractional factorial design.

Figure 4.5: A physical urethane model (IBTA-1).
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4.2.3.2 Particle Image Velocimetry

The optically clear urethane models were mounted on a micrometer stage and connected
to the flow loop, as described in Section 3.3.2 and as illustrated in Figure 3.9. Volumetric
flow data within the aneurysm models were acquired with a FlowMaster 3D stereo-PIV
system (LaVision, Inc., Ypsilanti, Michigan, USA). A 532 nm Nd:YAG laser was used to
illuminate the fluorescent particles flowing through the model and two CCD cameras,
fitted with low pass filters to block laser reflections, were used the capture the particle
images. One hundred images, taken at 5 Hz, were captured at different planes within the
aneurysmal volume. Images were captured at the center plane (bisecting the aneurysm
dome, inlet and outlet vessels), and planes displaced orthogonally from the center plane
at 0.5 mm intervals in each direction. A total of three and five planes were captured for
the small (4 mm) and large (6 mm) aneurysm models, respectively. PIV processing
applied a recursive cross-correlation algorithm using the DaVis software (LaVision, Inc.,
Ypsilanti, Michigan, USA), where initial and final window sizes of 32 by 32 pixels and
16 by 16 pixels were applied. PIV processing technique, using DaVis, has been described

in Section 3.3.5.

4.2.4 Data Analysis

4.2.4.1 Computational Data Analysis
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Geometric factors were specified for the idealized models (or measured in the anatomical
cases) and hemodynamic responses for each model were calculated by analyzing CFD
results with Tecplot 360 (Tecplot, Inc., Bellevue, Washington, USA). WSS was averaged
over the distal part of the aneurysm dome (excluding the neck), and CNF was calculated
as the cumulative volume of fluid crossing the neck-plane of the aneurysm per unit time.
For pulsatile cases, the hemodynamic responses were averaged over 10 or more different
time points spaced equidistant from one another throughout the third cardiac cycle.
Geometric factor main effects analysis was then performed on data from the idealized
templates (using JMP Pro (JMP, SAS Institute Inc., Cary, North Carolina, USA)) in order
to quantify the percent contributions that individual geometric factors (and their
interactions) made to effects on hemodynamic responses. Specifically, regression
analysis using standard least squares estimation was used to generate the sum of squares
(SS) for each of the factors and their interactions. Contributions of the geometric factors
(and their interactions) toward modifying hemodynamic responses were then calculated
by dividing individual SS values by the total SS. More detail on related statistical
analyses can be found in [97]. Hemodynamic responses were also compared directly
between the ABTA models and their matching IBTA counterparts using Pearson
correlation [98]. Please note that in the remainder of this chapter ordered pairs of values
are used to denote results corresponding to steady and pulsatile flow conditions in the

following order: (steady flow result, pulsatile flow result).

4.2.4.2 Experimental Data Analysis
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Experimental flow data were analyzed using an in-house code written in MATLAB
(MathWorks, Natick, Massachusetts, USA) to calculate Vs within the aneurysm and at
the neck-plane. For pulsatile cases, these responses were averaged over three different
time points of the cardiac cycle: mid systole (at 280 ms), peak systole (at 570 ms), and
mid diastole (at 840 ms). The experimental hemodynamic responses were then compared
directly to the corresponding responses from CFD (for both the IBTA and ABTA

models) to facilitate validation.

4.3 Results

4.3.1 Idealized Aneurysm Models (Templates)

4.3.1.1 Computational Results

The changes in hemodynamic responses after changing one geometric factor across a pair
of models (and holding the other two factors constant) are presented in Table 4.1.
Increasing DS from 4 mm to 6 mm increased all hemodynamic responses (except for
WSS in one model). On average over the three flow rates, increasing DS increased
aneurysmal Vg, by (74.10%, 54.22%), neck-plane Vi, by (53.76%, 34.93%),
aneurysmal WSS by (149.73%, 90.29%), and CNF by (196.69%, 189.30%). In contrast,
increasing DNR from 3:2 to 2:1 decreased all hemodynamic responses across all models,

changing aneurysmal Vg,s by (56.04%, 56.55%), neck-plane Vi, by (46.53%,
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43.16%), aneurysmal WSS by (63.88%, 68.38%), and CNF by (59.69%, 56.99%). Figure
4.6 illustrates the effects of changing DS (from black to red) and DNR (from black to
green) on aneurysmal Vi, and WSS, respectively, at 3 mL/s steady and pulsatile inflow
rates. In general, increasing IA from 135° to 180° increased only the neck-plane
hemodynamic responses, neck-plane Vs by (36.98%, 37.75%) and CNF by (28.71%,
30.07%). On the other hand, the 135° templates generated overall greater WSS
magnitudes as compared to their 180° counterparts, by (40.12%, 41.87%), as illustrated

by the color maps in Figure 4.7.
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Table 4.1: Percentage changes in hemodynamic responses after changing
one geometric factor, keeping the other two factors constant, for all
different flow rates.

Constant Aneurysmal WSS Aneurysmal Vgys Neck-plane Vgys
Changed factors Flow %) %) %) Cross-neck flow (%)
factors (factor rate
Lifactor 2) (mL/s) Steady Pulsatile Steady Pulsatile Steady Pulsatile Steady Pulsatile
2 137.70 125.95 94.93 92.69 88.07 70.51 241.55 220.29
(3:2;135°) 3 83.74 87.94 66.31 69.89 68.52 57.59 204.64 265.18
4 64.22 65.93 54.22 54.88 60.43 47.70 189.34 376.88
2 -30.91 -37.18 38.36 51.52 69.32 30.45 74.59 174.38
(3:2;180°) 3 -53.49 -40.98 9.36 17.95 78.37 36.21 267.69 149.57
Dome size 4 -41.79 -15.18 10.20 -35.72 35.33 31.46 196.34 160.19
(4 to 6 mm) 2 473.34 144.00 168.72 124.36 86.08 40.00 293.87 216.26
(2:1;135°) 3 296.48 259.37 122.71 104.00 68.92 34.62 250.00 204.97
4 224.45 190.60 102.44 85.25 62.05 29.83 233.24 177.80
2 289.18 164.90 98.28 33.48 16.02 23.90 154.22 149.31
(2:1;180°) 3 210.01 51.21 68.60 25.40 6.98 1.50 130.27 92.86
4 143.85 86.94 55.12 26.93 4.97 15.43 124.50 83.89
2 -88.18 -72.54 -68.23 -61.05 -45.54 -33.54 -60.45 -54.86
(4 mm;135°) 3 -83.44 -80.76 -63.03 -57.52 -41.84 -31.17 -57.40 -49.43
4 -80.02 -76.78 -60.03 -54.80 -40.45 -30.73 -56.38 -10.74
2 -91.19 -88.94 -69.21 -49.88 -44.73 -49.96 -65.86 -69.37
Dome-to- (4 mm;180°) 3 -85.11 -76.79 -61.97 -57.57 -40.11 -38.86 -62.33 -61.59
neck ratio 4 -77.87 -80.61 -57.87 -78.98 -39.05 -47.28 -61.26 -61.47
(3:2to 2:1 2 -71.50 -70.35 -56.21 -54.65 -46.12 -45.43 -54.39 -55.43
mm) (6 mm;135°) 3 -64.27 -63.21 -50.49 -48.99 -41.70 -41.20 -51.06 -57.77
4 -60.54 -59.34 -47.53 -45.93 -39.85 -39.10 -49.76 -48.00
2 -50.37 -53.38 -55.88 -55.85 -62.13 -52.47 -50.30 -72.17
(6 mm;180°) 3 -0.77 -40.55 -41.37 -54.89 -64.08 -54.44 -76.41 -70.31
4 -7.30 -57.26 -40.70 -58.50 -52.73 -53.71 -70.65 -72.77
2 -30.02 -39.28 8.79 -6.97 50.42 65.33 50.62 45.68
(4 mm;3:2) 3 -14.61 -9.75 18.76 34.49 52.39 68.77 53.04 69.60
4 -9.91 2.53 22.84 168.94 53.01 64.97 54.07 172.95
2 -47.82 -75.55 5.44 19.69 52.65 24.49 30.00 -1.13
Inflow (4 mm;2:1) 3 -23.23 8.86 22.14 34.33 56.90 49.92 35.32 28.82
Angle 4 -0.20 -14.36 29.47 25.03 56.61 25.55 36.83 17.84
(135° to 2 -79.66 -83.12 -22.78 -26.85 35.42 26.49 -23.01 24.80
180° mm) (6 mm;3:2) 3 -78.39 -71.66 -21.91 -6.62 61.29 45.88 84.71 15.90
4 -68.07 -47.59 -12.22 11.62 29.08 46.83 57.80 48.92
2 -64.58 -73.46 -22.20 -28.79 -4.82 10.18 -16.09 -22.06
(6 mm;2:1) 3 -39.97 -54.20 -7.54 -17.43 -0.63 13.03 -10.97 -18.53
4 -24.99 -44.91 -0.80 -14.33 1.44 11.62 -7.82 -22.00
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Figure 4.6: (a) Effects of dome size change on aneurysmal Vgrys (keeping
dome-to-neck ratio and inflow angle constant within grouped bars) and (b)
effects of dome-to-neck ratio change on aneurysmal wall shear stress
(keeping dome size and inflow angle constant within grouped bars). Solid
and patterned colors correspond to 3mL/s steady and pulsatile CFD

simulations, respectively, in the idealized model templates.
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Figure 4.7: Illustrations of intra-aneurysmal flow patterns from CFD with
black streamtraces and color-coded wall shear stress overlays at 3 mL/s

steady inflow.
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Aneurysmal DNR made the greatest contributions to effects on hemodynamic
responses (as much as 75.05% to pulsatile aneurysmal Vg, and over 35% to every
response). DS made the next greatest contributions (as much as 43.94% to pulsatile CNF
and over 20% to all responses except WSS). Figure 4.8 illustrates the contributions that
individual geometric factors and their interactions made to the effects on hemodynamic
responses under steady and pulsatile inflow conditions. Although the contributions made
by IA in the figure were less prominent than those made by DS and DNR, IA did
contribute over 10% of the effects on aneurysmal WSS and neck-plane Vp,,s. Several
contributions of factor interactions in the figure, IA with DS or DNR for example, also

exceeded 10%.
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Figure 4.8: Contributions made by individual geometric factors, and their
interactions, to effects on simulated hemodynamic responses under steady
(solid boxes) and pulsatile (patterned boxes) inflow conditions in the

idealized templates.

4.3.1.2 Experimental Results

Aneurysmal and neck-plane Vs values were also calculated based on PIV results to
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validate the corresponding values calculated based on CFD results. Aneurysmal V¢
values from both PIV and CFD are shown in Figure 4.9 for 3 mL/s steady and pulsatile
inflows in the idealized models. Although aneurysmal Vy,,s values (averaged across all
flow rates) were (33.49%, 33.53%) greater for PIV, the general trends associated with
changes in DS, DNR, and [A were similar across the idealized PIV and CFD datasets.
Specifically, for the six different sets of flow conditions (three flow rates and two flow
types), correlations between series of simulated and experimental V,,s values (from the
four different geometric templates corresponding to single factor changes) ranged from
0.61 to 0.98 with an average correlation of 0.74. For example, the correlation between the
steady flow PIV and CFD results presented in Figure 4.9 was 0.70. A qualitative
comparison of the center-plane PIV and CFD flow fields from model IBTA-1 at mid-

systole for a 3 mL/s pulsatile inflow rate is presented in Figure4.10.
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Figure 4.9: Comparisons between aneurysmal Vgrys values from PIV and
CFD when changing the dome size (black to red), dome-to-neck ratio
(black to green), and inflow angle (black to blue). Solid and patterned
boxes correspond to 3 mL/s steady and pulsatile inflows, respectively, in
the idealized aneurysm models.
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Figure 4.10: (a) PIV and (b) CFD flow fields color-coded by velocity
magnitude in IBTA-1 at mid-systole for a 3 mL/s pulsatile inflow.

4.3.2 Anatomical Aneurysm Models

4.3.2.1 Computational Results

Aneurysmal V,,s and WSS values were calculated for the anatomical models (ABTA-1
and ABTA-2) based on CFD. Hemodynamic trends between ABTA-1 and ABTA-2 were
similar to those between their idealized counterparts IBTA-4 and IBTA-6. Specifically,
the aneurysm models with lower DS and higher DNR (i.e., ABTA-1 and IBTA-4)
demonstrated lower Vp,,s and WSS as compared to the corresponding aneurysm models
with higher DS and lower DNR (i.e., ABTA-2 and IBTA-6). The trending among
anatomical and idealized counterparts is highlighted in Figure 4.11 where simulated WSS
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values are shown for 3 mL/s steady and pulsatile inflows. The two data series there
correlate with a value of 0.91; however, the average aneurysmal Vy,,q and WSS values
from the anatomical models were 2.62 and 6.54 times greater, respectively, than the
corresponding values from the idealized models. Figure 4.12 displays streamtraces from
CFD (color-coded by velocity magnitude) throughout the anatomical aneurysm
geometries and their corresponding idealized templates, both at 3 mL/s steady inflow.
Features of the simulated intra-aneurysmal flow patterns were qualitatively similar

between the anatomical geometries and their idealized counterparts.

(DS:Low,DNR:High,lA:High)-Steady
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Anatomical |dealized
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Figure 4.11: Simulated aneurysmal wall shear stress in anatomical and
idealized basilar tip aneurysm templates at 3 mL/s steady and pulsatile
inflow.
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Figure 4.12: Illustrations of intra-aneurysmal flow patterns color-coded by
velocity magnitude from CFD in (top) anatomical and (bottom) idealized
cerebral aneurysm templates, both at 3 mL/s steady inflow.

4.3.2.2 Experimental Results

Aneurysmal Vg, values were also calculated for the anatomical models based on PIV in

order to validate the anatomical CFD data. Vy,,q values were (17.86%, 26.41%) greater
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(averaged over models and flow rates) for the experimental data as compared to the
simulated data. However, Vg, increased similarly from ABTA-1 to ABTA-2 in
experiments and simulations, by (32.42%, 32.95%) and (36.44%, 46.29%), respectively,

on average across flow rates.

4.4 Discussion

Geometry is known to play an important role in cerebral aneurysm hemodynamics and
thus aneurysmal growth and/or rupture. This study investigated the contributions made by
three geometric factors (DS, DNR, and TA) to effects on BTA hemodynamics. Flows
within idealized geometric templates and anatomical geometries were simulated using
CFD and measured using PIV. Aneurysmal WSS, V;,,s within the aneurysm and at the
neck, and CNF were evaluated as hemodynamic responses. To the author’s knowledge,
this study represents the first time that a factorial design has been applied to characterize
the relationships between aneurysmal geometry and hemodynamics. We believe that
bridging the gap between the two bases in a quantitative yet practical way has potential to

play a valuable role in clinical decision-making.

4.4.1 Effects of Geometric Main Factors on Hemodynamics

Individually, all three investigated geometric factors affected hemodynamics. Foremost

among them was DNR, which is routinely evaluated in clinical practice. We observed
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that aneurysm templates with low DNR (3:2) generated greater hemodynamic responses
(e.g., low DNR increased CNF, aneurysmal Vg, and WSS by (59.69%, 56.99%),
(56.04%, 56.55%), and (63.38%, 68.38%), respectively, on average across flow rates).
This is important because greater CNF, aneurysmal Vrms, and WSS may contribute to
cerebral aneurysm growth and/or rupture according to [35], [99].

Aneurysmal DS has been clinically established as a strong independent predictor
of rupture [5] and, like DNR, is routinely evaluated. Main effects analysis of geometric
factors showed that DS made the greatest contributions to effects on CNF, and made the
second greatest contributions to effects on other hemodynamic responses. More
specifically, templates with larger DS had higher values of computed hemodynamic
responses (e.g., high DS increased aneurysmal Vi, by (74.10%, 54.22%)). From a
clinical perspective, larger aneurysms are at greater rupture risk than smaller aneurysms
[5], which correlates with our finding that higher velocities were present in larger-domed
aneurysms. Not surprisingly, the combination of high DS and low DNR (i.e., large, wide-
neck terminus aneurysms) produced the most extreme hemodynamic environments in this
study based on all of the hemodynamic responses.

Multiple studies have reported the impact of IA on hemodynamics in cerebral
aneurysms [35], [46], [94]. Greater inflow angles have been associated with elevated
levels of hemodynamic responses that may promote aneurysmal growth and/or re-growth
[46]. As expected, CNF and Vg,,s at the neck were greater for the 180° aneurysm
templates by (28.71%, 30.07%) and (36.98%, 37.75%), respectively. A IA of 135°,
however, elevated aneurysmal WSS by (40.12%, 41.87%), which may be due to intra-

aneurysmal flow patterns like those illustrated in Figure 4.7. The 135° templates led to
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regions of flow impingement along the left (from the reader's perspective) aneurysmal
wall whereas more dispersed flow patterns were observed in the 180° templates. Figure
4.7 also shows that the combination low DS and high IA produced high WSS within the
aneurysm. Whether high or low WSS is detrimental remains a topic of debate [28]. For
example, Shojima et al. reported that higher WSS plays an important role in aneurysm
formation but lower WSS contributes to growth [42].

Several combinations of geometric factors also made considerable contributions
to effects on cerebral aneurysm hemodynamics, the most prominent of which were the
combinations of IA with DS or DNR. The interactions of these factors made
contributions of greater than 10% to effects on multiple hemodynamic responses, which
shows that although individual geometric factors alone affect flow, combinations of
factors may also play a role in determining hemodynamics and should thus be considered
in cerebral aneurysm treatment planning accordingly. Characterizing pre-treatment
aneurysmal geometries in terms of both individual and interacting factors may provide a
more complete understanding of an aneurysm's hemodynamic underpinnings for

physicians to use in developing well-informed hemodynamic modification plans.

4.4.2 Comparisons with Experimental Results

PIV was performed on five of the eight IBTA models (and the two ABTA models) for the
purpose of validation. Discrepancies were observed between Vs values measured with
PIV and those computed with CFD for the idealized models (the PIV values were
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(33.49%, 33.53%) greater on average across flow rates). However, the trends in
responses remained similar across investigated flow rates and types (the average
correlation was 0.74) as illustrated in Figure 4.9. Differences between computational and
experimental results may be due to differences in aneurysmal neck sizes between the
computational and physical models that resulted from inexact casting of the urethane
models. Based on examining a subset of the physical models, their necks were
approximately 17% larger in diameter than the necks originally designed in
corresponding computational models. Using the same inflow conditions for CFD and PIV
would thus lead to higher intra-aneurysmal velocities in the wider-neck physical models.
Furthermore, PIV data were obtained from planes in the middle, higher flow region of the
aneurysmal dome. CFD data, on the other hand, were computed over the entire
aneurysmal domain that included lower flow regions toward the outskirts of the
aneurysmal dome. The CFD results were reported for the entire aneurysmal domain in
order to provide the most complete representation of aneurysmal hemodynamics.
However, upon comparing the CFD and PIV data corresponding to the same fluid
domains (as dictated by the span of the PIV data), the average discrepancies in
aneurysmal Vp,,q were (22.87%, 25.18%). We expect that these smaller magnitude
discrepancies, which are also on the order of those observed for the anatomical cases, i.e.,
(17.86%, 26.41%), resulted from the aforementioned differences between the physical

and computational geometries.

4.4.3 Comparisons Among Idealized and Anatomical Findings
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To understand how the findings from idealized templates could potentially be translated
to a more clinically relevant scenario, the two ABTA models were investigated. The
simulated intra-aneurysmal flow patterns, represented in Figure 4.12, were qualitatively
similar between the anatomical geometries and their idealized counterparts. There were
magnitude differences between the anatomical and idealized hemodynamic responses
(aneurysmal Vg, and WSS values were 2.62 and 6.54 times greater on average in the
anatomical cases), but such differences were expected given the dome size differences
between the anatomical and idealized model sets. Further, as quantified earlier and
illustrated in Figure 4.11 hemodynamic changes observed between the ABTA models and
between their idealized counterparts were consistent. Specifically, simulated aneurysmal
Vims and WSS values varied in the same directions between ABTA-1 and ABTA-2 and
between IBTA-4 and IBTA-6, without exception, regardless of flow rate or type. This
similarity in findings from the idealized and the anatomical aneurysm models indicates
that characterizing the hemodynamic effects of aneurysmal geometry using templates has
potential for utility in cerebral aneurysm evaluation. Comparable approaches have
demonstrated success in applying template-based methods to characterize hemodynamics

in even more complex cardiovascular geometries such as the Fontan connection [100].

4.4.4 Limitations

This study is subject to several limitations. First, a rigid wall assumption was used in the
simulations and experiments. While using compliant models could be beneficial, previous

studies have shown that the main factor driving aneurysmal hemodynamics is vessel
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geometry and that vessel compliance is secondary (or even tertiary) [44], [90]. Second,
the fluid mesh did not include near-wall refinement. Although near-wall mesh refinement
would improve simulated WSS accuracy, given the very large WSS changes among
different cases as reported in Table 1 (i.e., up to 473% and (91.42%, 72.67%) in
magnitude on average), it is very unlikely that including near-wall refinement would
affect any of the conclusions of this study. Further, WSS was considered in the mesh
refinement study. Other assumptions of the study included Newtonian blood flow and
equal zero-pressure boundary conditions at the outlets. Although the outlet boundary
conditions used in simulations were not physiologic in an absolute sense, assuming equal
pressures at the outlets is reasonable given the typically similar distal resistances in the
cerebrovascular circulation [101]. To ensure that simplifying the absolute pressure values
did not affect flow splits at the outlets considerably, an additional BTA simulation was
run at more physiologic outlet pressure values, and the resulting flow splits varied from
the simplified case by less than 1%. It is well known that more advanced outlet boundary
conditions such as a three-element Windkessel (RCR) model can improve simulation
accuracy, and do become more important when only small portions of the
cerebrovascular system are included in the simulated fluid domain (as in this study).
However, such boundary conditions are most important for deformable wall simulations
and in cardiovascular regions where, unlike the cerebrovasculature, compliance is highly

prevalent [87].
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CHAPTER 5
EFFECTS OF GEOMETRIC VARIATIONS ON IDEALIZED SIDEWALL

ANEURYSM HEMODYNAMICS

5.1 Introduction

Aneurysmal geometry has already been established as an important predictor of
aneurysm rupture [3]-[5], [102], and is considered in current clinical practice during
cerebral aneurysm evaluation. However, a clear demarcation between different aneurysm
types (e.g., bifurcation or sidewall aneurysm) was not considered in those studies. The
impact of aneurysm type on hemodynamics was investigated in a CFD study by Hassan
et al., where flow patterns in saccular aneurysms with different parent vessel
configurations were compared [6]. The results demonstrated the importance of parent and
outlet vessel geometries towards modifying aneurysmal hemodynamics. For example, the
impact of the parent vessel on hemodynamics was more prominent in a sidewall
aneurysm than in a bifurcation aneurysm [6]. Further studies on sidewall aneurysm
hemodynamics have verified the importance of aneurysmal inflow angle (IA), and its
possible implications towards cerebral aneurysm growth and rupture [35], [46].

In this chapter, the effects of geometric variations on idealized sidewall aneurysm
(ISA) hemodynamics are quantified in order to attribute specific hemodynamic features
to geometric parameters that are routinely quantified in clinical practice. The ISA
templates were modeled after a saccular middle cerebral artery (MCA) sidewall
aneurysm. A 2-level full factorial design of three geometric factors (i.e., dome size (DS),
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dome-to-neck ratio (DNR), and [A) was used to create the sidewall aneurysm templates,
and the hemodynamic responses were quantified using computational fluid dynamics
(CFD) in terms of aneurysmal and neck-plane root-mean-square velocity magnitude
(Vrwms), distal aneurysmal wall shear stress (WSS), and cross-neck flow (CNF). Methods
and results specific to the ISA templates, including a comparison to the IBTA templates

are discussed in this chapter.

5.2 Methods

5.2.1 Study Design

The effects of three geometric factors on ISA hemodynamics were investigated. Toward
that end, low and high levels of DS, DNR and IA were chosen to generate a 2° full
factorial design. Schematic representations of the geometric factors, including values
used, are illustrated Figure 5.1. The corners of the cube in Figure 5.2 represent unique
combinations of the three geometric factors (model numbers). For example, 5(6,3:2,90)
corresponds to the fifth ISA template (ISA-5) constructed with a 6 mm DS, 3:2 DNR and
90° IA. The edges of the cube are color-coded to represent changes in a single geometric
factor (with the other two factors held constant), and the direction of the colored arrows
represent an increase in factor value. The red edges correspond to an increase in DS from
4 to 6 mm along the direction of the red arrow. Similarly, the green and blue edges
correspond to an increase in DNR (from 3:2 to 2:1) and TA (from 90° to 135°),
respectively, along the direction of the arrows.
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Figure 5.1: Schematic representations of the different geometric factors
(and values used) to generate idealized sidewall aneurysm templates for
hemodynamic investigation. The inflow-outflow directions are marked by
arrows in the drawing.

4(4,2:1,135) 8(6,2:1,135)

>
3(4,2:1,90) 7(6,2:1,90)
P>
>
2(4,3:2,135) 6(6,3:2,135)
>

1(4,3:2,90) 5(6,3:2,90)

Figure 5.2: Cube representing a two-level full factorial design used to
construct the idealized sidewall aneurysm templates based on three
geometric factors: dome size, dome-to-neck ratio, and inflow angle. The
red, green and blue edges correspond to an increase in DS, DNR, and IA,
respectively, with the other two factors held constant, along the direction
of the colored arrows.
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5.2.2 Computational Model Construction

All eight ISA templates were constructed using SolidWorks, where the inlet and outlet
was modeled as cylinders of diameter 4 mm, and the aneurysms were constructed as
spheres. The DS, DNR, and IA values were imparted as per Figure 5.2. The final
idealized computational templates are shown in Figure 5.3. The inlets and outlets were
extruded to ensure fully developed boundary conditions at the aneurysm site, and to aid

in CFD simulation convergence.

ISA-1 (4,3:2,90) | ISA-2 (4,3:2,135)| ISA-3 (4,2:1,90) |ISA-4 (4,2:1,135)

0 O
—

ISA-5 (6,3:2,90) | ISA-6 (6,3:2,135)

o

/' [ V]

Figure 5.3: Idealized computational sidewall aneurysm templates. The
numbers in red, green, and blue correspond to the dome size, dome-to-
neck ratio and inflow angle. The direction of inflow and outflow is marked
with the black arrow in template 1.

I

(—
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5.2.3 Computational Fluid Dynamics

The templates were prepared for CFD simulations in ANSYS ICEM 15. The blood
volume was discretized into unstructured tetrahedral mesh elements using the Octree
algorithm in ICEM. The Octree method of mesh generation has been described in Section
3.2.3. To ensure that the calculated hemodynamic responses did not vary with mesh sizes,
a mesh independence study was performed on ISA-1 at a steady inflow rate of 3 mL/s by
varying the specified maximum element size from 0.3 to 0.15 mm. The final mesh size
(maximum element size = 0.17 mm) was deemed acceptable when the calculated
responses (i.e., Vrus, WSS, and CNF) varied by less than 4% between subsequent trials.
The final meshes (for all eight templates) ranged between 7.48 and 7.75 million elements.

The meshed templates were next imported into ANSYS Fluent for CFD
simulations. The fluid was assumed to be incompressible and Newtonian, with a density
of 1060 kg/m’ and viscosity of 3.71 cP. The models were assumed to be rigid with a no-
slip condition imposed at the vessel wall. Steady inflow rates of 2, 3, and 4 mL/s were
investigated, corresponding to Reynold’s numbers of 247.39, 371.09, and 794.98,
respectively. The flow rates were chosen from literature, and they span the ranges normal
and diseased flow conditions in cerebral arteries [88]. Furthermore, they were the same
flow rates as investigated in the idealized bifurcation aneurysm studies so as to facilitate
direct comparisons of the effects of aneurysmal geometry on hemodynamics between the

two aneurysm variants. To efficiently incorporate the effects of downstream vasculature
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on ISA hemodynamics, resistance-based boundary condition was specified at the outflow

according to the following equation:
I)oullet = Rp x Qouzﬂow ’ (5 . 1)

where Pouier 15 the outlet pressure, R, is the value for peripheral resistance due to the
downstream vasculature, and Qoufiow 1S the flow rate through the outlet. R, was chosen
from literature as 5.97x10° Pa s m™ based on the downstream resistance value for a MCA
[103]. The flow rate through the outlet was calculated using the Murray’s law that is
based on the principle of minimal work. The law describes a relationship between
daughter vessel radii to that of the parent vessel according to the following equation:

Ty =1 AT, AT (5.2)
where rp is the parent vessel radius, and r; through r, represents the daughter vessel radii.
Based on the law, a functional relationship is believed to exist between the vessel radius
and volumetric flow rate, flow velocity, velocity profile and wall shear stress [104]. For a
single inflow-single outflow vessel, the rate of inflow equals to the rate of outflow (based
on the law of conservation of mass). Therefore, the outlet pressures specified for the
simulations calculated according to equation 5.1 for inflow rates of 2, 3, and 4 mL/s were
11940, 17910, and 23880 Pa, respectively. A second-order discretization scheme was
used for momentum discretization, and the pressure-velocity coupling was specified

according to the SIMPLE algorithm.

5.2.4 Computational Data Analysis
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The CFD results were analyzed using Tecplot 360 to calculate hemodynamic responses
within the aneurysm and at the neck-plane. Specifically, Vrms and WSS were calculated
within the aneurysmal domain, and Vrums and CNF were calculated at the neck-plane. The
effects of individual geometric factor changes on hemodynamics were investigated by
comparing hemodynamic responses obtained by changing a single geometric factor
(keeping the other two factors constant). The CFD results were also analyzed using a
statistical analysis software, JMP Pro, to determine the percentage contribution of
individual geometric factors, and factor interactions, on aneurysmal and neck plane
hemodynamics. Sum of squares (SS) for each geometric factor factors, and interactions,

were calculated and the percentage contribution was calculated as

SS.
Y%Contribution = M, (5.3)

total
This approach was similar to the methodology utilized by [97] to identify and rank the
primary contributors to the integrated drag of the NASA crew exploration vehicle ascent
trajectory. Finally, the effects of geometric variations on the ISA templates were
compared to the effects of geometric variations on the IBTA templates discussed in

Chapter 5.
5.3 Results

5.3.1 Idealized Aneurysm Models (Templates)
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The effects of geometry on ISA hemodynamics were investigated by calculating the
changes in hemodynamic responses while changing one geometric factor and keeping the
other two factors constant. The results are presented in Table 5.1. Increasing DS from 4
mm to 6 mm, and IA from 90° to 135° increased all calculated hemodynamic responses.
On average (across all flow rates), increasing DS increased WSS by 77.59%, aneurysmal
Vrms by 62.15%, neck-plane Vrms by 57.67%, and CNF by 233%. Increasing TA
increased WSS by 856.99%, aneurysmal Vgrms by 291.83%, neck-plane Vrms by
154.67%, and CNF by 364.40%. On the other hand, increasing DNR from 3:2 to 2:1
decreased all calculated responses, changing WSS by 66.21%, aneurysmal Vgms by
62.15%, neck-plane Vrums by 21.89%,and CNF by 55.23%. As observed from the table,
increasing IA had the most prominent effect on changing aneurysmal and neck-plane
hemodynamics. The effects of A on intra-aneurysmal flow is also shown in Figure 5.4.
Examples of the effects of the individual geometric factors on aneurysmal Vrys are

illustrated in Figure 5.5 (a)-(c).
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Table 5.1: Percentage changes in hemodynamic responses calculated by
changing one geometric factor, keeping the other two factors constant, for
all investigated flow rates.

Changed Constant Flow rate Aneurysmal Aneurysmal Neck-plane Cross-neck
factors factors (factor (mL/s) WSS (%) Vrus (%) Vrus (%) flow (%)
1;factor 2)
2 10.19 26.68 12.43 260.40
(3:2;,90%) 3 12.05 20.79 7.40 223.50
4 458 13.15 3.64 201.57
2 21447 134.02 110.28 404.03
(3:2;135°) 3 189.34 113.58 106.35 299.41
Dome size
4 141.84 93.12 9933 244.86
(4 to 6 mm) 2 8.16 35.78 2147 221.50
(2:1,90%) 3 8.48 28.74 1535 199.23
4 937 24.19 1125 186.55
2 118.24 108.93 113.09 239.95
(2:1;135°) 3 127.48 82.26 102.32 170.35
4 96.00 64.54 89.11 144.70
2 5726 38.13 210.79 53.89
(4 mm;90°) 3 5717 37.26 .14 52.97
4 56.99 36.53 ~6.38 52.29
2 774.86 58.07 4134 53.35
Dome-tomeck | ¢ ™ms135%) 3 7437 5331 3841 -45.83
ratio 4 69.19 4911 34.83 42.99
(3:2102:1 mm) 2 58.04 33.69 3.62 58.87
(6 mm;90°) 3 5853 33.14 135 5650
4 5071 3034 0.50 54.67
2 82.55 6256 4055 68.53
(6 mm;135°) 3 79.85 60.15 39.62 63.33
4 75.03 56.65 38.17 5955
2 154.04 120.38 69.12 22021
(4 mm;3:2) 3 617.73 331.96 206.80 412.46
4 1091.79 35491 14534 407.49
2 49.41 49.38 11.22 223.99
Inflow Angle (4 mm;2:1) 3 269.69 147.08 38.67 375.12
4 753.74 26474 70.77 506.38
(00° t"nllfrf; 2 625.03 307.14 216.32 347.83
(6 mm;3:2) 3 149527 486.96 297.39 409.29
4 292045 676.47 371.84 48034
2 201.48 129.86 95.10 242.59
(6 mm;2:1) 3 67521 249.80 14323 329.27
4 1429.99 383.26 190.28 417.82
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Figure 5.4: Intra-aneurysmal flow patterns in the idealized sidewall
aneurysm templates represented as streamtraces color-coded by velocity
magnitude, for an inflow rate of 3 mL/s.
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Figure 5.5: Effects of change in (a) dome size (keeping dome-to-neck ratio
and inflow angle constant within grouped bars), (b) dome-to-neck ratio
(keeping dome size and inflow angle constant within grouped bars), and
(c) inflow angle (keeping dome size and dome-to-neck ratio constant
within grouped bars) for a 3 mL/s inflow.
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Statistical analysis of the geometric main factors revealed that all three geometric
factors played prominent roles in modifying aneurysmal and neck-plane hemodynamics,
a illustrated by Figure 5.6. IA made the greatest contribution towards modifying all
calculated hemodynamic responses (i.e., WSS, aneurysmal and neck-plane Vgrums, and
CNF). DS and DNR made the second greatest contributions towards modifying neck-
plane and aneurysmal hemodynamics, respectively. It is noteworthy that factor
interactions, particularly IA with DS or DNR, also contributed to modifying all calculated

ISA hemodynamics.
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Figure 5.6: Percentage contribution of dome size, dome-to-neck ratio, and
inflow angle to effects on idealized sidewall aneurysm hemodynamics.

5.3.2 Comparisons with Idealized Bifurcation Aneurysm Templates

The effects of geometric factors on ISA hemodynamics were also compared with the
IBTA results presented in Chapter 4 to understand the impact of geometric variations
based on aneurysm type. Comparison of Figures 4.8 and 5.6 clearly depict differences in

the impact of DS, DNR, and IA on IBTA and ISA hemodynamics. The percentage
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contributions of individual geometric factors and their interactions in IBTA and ISA

hemodynamics under steady inflow conditions are presented in Table 5.2.

Table 5.2: Percentage contributions of the investigated geometric factors,
and their interactions, on aneurysmal and neck-plane hemodynamic
responses in idealized bifurcation and sidewall aneurysm templates. The
first, second and third largest contribution is highlighted in orange, purple
and grey, respectively.

Hemodynamic Factors IBTA Templates: % | ISA Templates: %

DS 8.28 8.62

DNR 46.21 19.30

1A 17.91 40.16

Aneurysmal WSS DS*DNR 3.94 3.94
DS*IA 11.93 8.44

DNRFIA 9.07 9.07

DS*DNR*IA 3.93 3.93

DS 23.07 10.34

DNR 71.94 16.72

1A 0.05 50.72

Aneurysmal Vyps DS*DNR 0.06 2.14
DS*IA 3.66 7.73

DNR*IA 0.16 10.23

DS*DNR*IA 1.05 2.11
DS 21.84 17.36

DNR 53.37 8.36
1A 12.72 51.34

Neck-plane Vyys DS*DNR 6.23 0.88
DS*IA 0.13 16.67

DNR*IA 4.34 7.20

DS*DNR*IA 2.70 1.18
DS 43.94 23.86
DNR 36.93 13.77
IA 3.74 35.54

Cross-neck flow DS*DNR 9.73 6.02
DS*IA 0.39 11.01

DNR*IA 3.81 6.49

DS*DNR*IA 1.47 3.31
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Aneurysmal DS and DNR had similar effects on IBTA and ISA hemodynamics, i.e.,
increase in DS increased calculated hemodynamic responses, and increase in DNR
decreased calculated responses. In contrast, the parent vessel 1A had drastically different
effects on IBTA and ISA hemodynamics. While increasing IA in the IBTA templates
increased only the neck-plane responses, all the ISA templates exhibited higher values of
calculated hemodynamics for the higher IA. This may be due to the stark differences in

inflow patterns between the two variants, as represented in Figure 5.7.

Idealized Bifurcation Aneurysm Idealized Sidewall Aneurysm

0.25
0.23
0.21
0.20
0.18
0.16
0.14
0.13
0.11
0.09
0.07
0.05
0.04
0.02
0.00

DS: High, DNR: High, IA: Low

Velocity Magnitude (m/s)

DS: High, DNR: High, IA: High

Figure 5.7: Comparison of intra-aneurysmal flow patterns in idealized
(left) bifurcation and (right) sidewall aneurysm templates with (top) low
and (bottom) high inflow angle.

83



5.4 Discussion

5.4.1 Effects of Geometric Main Factors on Hemodynamics

The importance of geometry in cerebral aneurysm progression and/or rupture and its role
in modifying hemodynamics is well established [28], [46], [102], [105]. Extensive studies
on the natural history of aneurysms have identified rupture risks based on important
geometric and morphologic features, and aneurysm locations. However, those studies
have failed to factor in the aneurysm type based on parent and daughter vessel
configurations [3]-[5], [31]. This chapter investigated the effects of three clinically
recognized geometric factors (i.e., DS, DNR, and IA) to effects on ISA hemodynamics
using CFD simulations. Aneurysmal WSS, aneurysmal and neck-plane Vrys, and CNF
were the four hemodynamic responses evaluated. The effects of geometry on two
different aneurysm types were also studied by comparing the hemodynamic responses
calculated from ISA templates to the hemodynamic responses calculated from IBTA
templates. Bridging the gap between aneurysm geometry and hemodynamics has the
potential to play a valuable role in clinical decision-making during cerebral aneurysm
evaluation.

Individually, all three geometric factors had an effect on aneurysmal and neck-
plane hemodynamics. ISA templates with higher IA (i.e., the 135° templates) had
elevated levels of aneurysmal compared to their 90° counterparts. On average, increase in
IA increased WSS, aneurysmal Vrys, neck-plane Vrys and CNF by 856.99%, 291.83%,
154.67%, and 364.40%, respectively, across all flow rates. The elevated levels may be
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due to distinct differences in flow patterns, as illustrated in Figure 5.4. These results
agreed with previous findings where greater inflow angles were associated with elevated
levels of hemodynamic responses that may promote aneurysmal growth and/or rupture
[35], [46]. The impact of IA was confirmed by statistical examination of the contribution
that the factor effected on modifying hemodynamics, where IA consistently had the
highest contribution.

The other important geometric factor investigated was aneurysmal DS. Clinically,
DS has been established as an independent predictor of aneurysm rupture where larger
aneurysm size is associated with higher rupture risks [3]. The larger domed ISA
templates had higher levels of WSS, CNF and Vgrums that can contribute to aneurysmal
growth and/or rupture [35], [99]. Main factor analysis revealed that DS made the second
highest contribution (over 17%) to effects on neck-plane hemodynamics. Aneurysmal
DNR is an important geometric factor investigated particularly in the context of cerebral
aneurysm treatment. Aneurysms with lower DNR (i.e., DNR of 3:2) were associated with
higher levels of calculated hemodynamic responses which can lead to further aneurysm
growth and eventual rupture, as discussed earlier. DNR made over 15% contributions
towards modifying aneurysmal hemodynamic responses.

Second and third level factor interactions also made contributions to effects on
cerebral aneurysm hemodynamics, the most prominent of which were the interaction of
IA with DS or DNR. The presence of factor interactions show that although individual
geometric factors may play an important role in modifying flow, multiple geometric
factors can together impact hemodynamics should therefore be considered during pre-

treatment cerebral aneurysm evaluation.
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5.4.2 Comparisons Among Idealized Bifurcation and Sidewall Aneurysm Templates

Comparisons with idealized bifurcation aneurysm templates revealed how that the same
geometric factors could have very different effects on flow depending on the aneurysm
type. For example, while IA only had a major effect on aneurysmal WSS in the IBTA
templates, the impact of IA on ISA hemodynamics was much more pronounced (over
35% contribution in the ISA templates versus a maximum of 17.91% in the IBTA
templates). The results obtained from this study further demonstrated the necessity of a
hemodynamic basis for cerebral aneurysm evaluation, in addition to the already popular

geometry-based evaluation criteria.

5.4.3 Limitations

This section highlights some limitations of the study. One of the main limitations of this
study was the rigid wall assumption. While the use of compliant models would be more
beneficial, aneurysm geometry has been established as the primary driver of
hemodynamics [90], [91]. In general, cerebral arteries are much stiffer compared to
extracranial arteries [106], [107]. Low et al. estimated the maximum wall distensibility of
a saccular aneurysm to be 6% [108]. Another limitation of this study was the
investigation of hemodynamics under steady flow conditions. However, previous studies
(including the data presented in Chapters 4 and 6) have shown that steady flow
simulations provide a strong indication of fundamental trends that occur under pulsatile
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flow conditions [20], [109], [110]. This study is also limited in that blood flow was
assumed to be Newtonian, while blood is actually a non-Newtonian fluid. Nevertheless,
previous studies comparing the effects of non-Newtonian versus Newtonian fluid models
in cerebral arteries have demonstrated that the global flow characteristics do not vary

drastically between the two models [64], [82].
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CHAPTER 6
HEMODYNAMIC CHARACTERIZATION OF CEREBRAL ANEURYSM

TEMPLATES TREATED WITH EMBOLIC COILS

6.1 Introduction

Endovascular treatment for cerebral aneurysm repair have gained popularity over
traditional surgery due to their minimally invasive nature, shorter recovery time, and
reduced hospital costs [111]. Embolic coiling is one of the most effective treatments for
cerebral aneurysms, largely due to the hemodynamic modifications that the treatment
effects in the aneurysm environment. During this process, a series of flexible coils is
deployed into the aneurysm dome to promote thrombosis. Over time, vascular
remodeling at the neck then leads to complete isolation of the aneurysm from circulation.
Although cerebral aneurysms treated with embolic coils have been associated with lower
mortality rates than those treated with surgical clipping [111], not all aneurysms can be
treated with coiling. Geometric features of the aneurysm, such as DNR and neck size
(NS), are key determinants in selecting patients for treatment with embolic coils. Studies
have shown that aneurysms with DNR above 1.6 and NS below 5 mm are suitable for
treatment with embolic coils without the need for any adjunctive techniques [18], [19].
Although geometric patient selecting criteria for coiling has been clearly established,
post-treatment hemodynamics may also be taken into consideration because unfavorable

hemodynamic changes can promote aneurysmal recanalization.
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Hemodynamics are known to influence cerebral aneurysm growth and rupture,
and are related to aneurysmal geometry [35], [43], [47]. Geometry is also known to affect
post-treatment outcomes. For example, aneurysms with DS greater than 9 mm were
observed to have higher recurrence rates (50% versus 21%) than aneurysms between 3
and 9 mm [36]. Another factor that influences treatment outcome is coil packing density
(PD), a treatment factor defined as the percentage of the aneurysmal volume occupied by
coils. PDs between 20 and 25% were observed to prevent unfavorable post-treatment
outcomes [17]. It is therefore critical to consider the effects of geometric and treatment
factors in working towards optimal treatments in the context of aneurysmal
hemodynamics.

This chapter relates two geometric factors that characterize cerebral aneurysms
and one factor that describes treatment to three clinically relevant hemodynamic
responses. Narrow-neck idealized BTAs and SAs, with 2:1 DNR were chosen from the

full factorial designs explained in Chapters 4 and 5.

6.2 Methods

6.2.1 Study Design

IBTA and ISA templates, marked with orange bubbles in Figure 6.1 (a), were chosen
from the 2° level full factorial designs for this study. Only the templates with 2:1 DNR
were chosen since treatment with embolic coils is the preferred method of treating

narrow-neck aneurysms. This facilitated the creation of a 2> factorial design, as shown in
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Figure 6.1 (b). The colored edges of the square represent increase in a single geometric
factor, with the other factor held constant, indicated by the direction of the colored
arrows. Flows within the IBTA and ISA templates were computed in-silico using CFD.
Flows within two of the four IBTA templates were also measured in-vitro using PIV. As
in the case of the pre-treated IBTA and ISA templates, flow rates of 2, 3 and 4 mL/s were

explored.

(a) (b)

AT
LT

Figure 6.1: Representation of the geometric templates used for coiling (a)
chosen from the 2° factorial design (marked with orange bubbles), and (b)
as a 27 factorial design.

6.2.2 Computational Methods

6.2.2.1 Computational Model Construction
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The process of constructing the computational IBTA and ISA templates are detailed in
Sections 4.2.2.1 and 5.2.2, respectively. IBTA- and ISA-3, 4, 7 and 8 were chosen for
investigation with embolic coils. The inlets and outlets of all computational templates
were extruded to ensure fully developed flow conditions at the aneurysm, and to aid in

simulation convergence.

6.2.2.2 Virtual Device Deployment

FE modeling techniques were employed to virtually treat all four aneurysm templates
with embolic coils using Abaqus (Simulia, Providence, RI). The coils were modeled
based on Orbit Galaxy Fill detachable coils (Johnson & Johnson, New Brunswick, NJ).
Coil loop diameters of 4mm and 2mm were chosen for the framing and filler coils,
respectively. The coil sizes used for virtual deployment for the small and large DS are

listed in Table 6.1.

Table 6.1: Coil sizes used for virtual deployment of embolic coils in the

IBTA and ISA aneurysms.
Deployment 1 | Deployment2 | Deployment3 | Deployment 4
Dome Size Loop diameter | Loop diameter | Loop diameter | Loop diameter
(mm) (mm) x length | (mm) x length | (mm) x length | (mm) x length
(cm) (cm) (cm) (cm)
4 4x6.5 2x2.5 2x2.5 2x2.5
6 4x15 4x15 2x10 2x5
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Each coil was modeled as serially linked 3D Timoshenko beam elements. The larger and
smaller coils had Young’s moduli of 6.5 GPa and 5.5 GPa, and material densities of
21.45 g/cm3 and 19 g/cm3, respectively. A Poisson ratio of 0.39 was also specified,
approximating the coils as solid beams composed primarily of platinum. The coil
deployment process in ABAQUS/Explicit consisted of (a) virtually placing the coil
within a microcatheter and positioning the microcatheter within the aneurysm dome, (b)
advancing the coil into the dome using displacement boundary conditions at the proximal
node of the coil (to mimic the movement of a clinical coil pusher wire), and (c) releasing
the coil to complete each deployment. Coil-to-coil, coil-to-microcatheter, coil-to-
aneurysm, and intra-coil interactions were specified using the “general contact” algorithm
in ABAQUS/Explicit. Further details on the coil modeling and deployment processes
have been previously reported by Babiker et al. [79]. The 4 mm and 6 mm models
underwent four deployment processes to achieve PD configurations of 26% and 27%,
respectively. The final coil configurations for the small and large DS are shown in Figure
6.2, and the computational IBTA and ISA templates after virtual treatment with embolic
coils are shown in Figure 6.3. PD was calculated as

Volume

PD = coils . 100%. (6.1)

Volume
aneurysm
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DS =4 mm; PD = 26% DS =6 mm; PD =27%

Figure 6.2: Deployed coil configuration for the cerebral aneurysm
templates with (left) small DS, and (right) large DS.

Figure 6.3: (top) IBTA and (bottom) ISA templates virtually treated with
embolic coils.

6.2.2.3 Computational Fluid Dynamics

ANSYS ICEM 12.1 (Ansys, Inc., Canonsburg, PA) was used to prepare the

computational templates for CFD simulations where the fluid and coil domains were
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discretized into mesh elements using the Octree approach. A mesh density function was
specified around the aneurysm and coil volumes (in the treated templates) to accurately
capture fluid dynamic variations around the device. The maximum element sizes for the
untreated and treated IBTA templates were 0.25 mm and 0.2 mm, respectively, and the
final untreated and treated IBTA meshes ranged between 6.1 and 7.1x10° and 18.5 and
24.3x10° elements, respectively. The maximum element sizes for the untreated and
treated ISA templates were 0.17 mm, and the final untreated and treated ISA meshes
ranged between 7.5 and 7.8x10° and 11.4 and 16x10° million elements, respectively. The
maximum element size for the FE embolic coils were specified as 0.04 mm for all treated
templates.

The meshed geometries were then imported into ANSYS FLUENT (Ansys, Inc.,
Canonsburg, PA) for CFD simulations. Blood was modeled as an incompressible and
Newtonian fluid. The coil surface and vessel walls were assumed to be rigid, and a no-
slip boundary condition was imposed at the walls. The SIMPLE algorithm was used for
pressure—velocity coupling, and a second-order discretization scheme was used for

momentum.

IBTA Simulations

Blood was modeled with a density of 1500 kg/m’ and viscosity of 3.86 cP to match the
blood analog solution used for PIV experiments. Steady and pulsatile inflow rates of 2, 3
and 4 mL/s were explored, and zero-pressure boundary conditions were specified at the

outlets. Modified vertebral artery flow waveforms were prescribed at the inlet for the
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pulsatile flow simulations [89].

ISA Simulations

In the case of the ISA simulations, blood was modeled with density and viscosity of 1060
kg/m’ and 3.71 cP, respectively, to match the properties of blood. Flow rates of 2, 3, and
4 mL/s were explored under steady inflow conditions, and a resistance boundary
condition was specified at the outlet according to equation 5.1. The outlet pressure values
calculated from equation 5.1 for inflow rates of 2, 3 and 4 mL/s were 11940, 17910 and

23880 Pa, respectively.

6.2.3 Experimental Methods

6.2.3.1 Physical Model Construction

Flows within two of the four computational IBTA templates (IBTA-3 and IBTA-8) were
translated into lost-core urethane models for experimental flow measurement using PIV.
The two models allowed for examination of all different factors considered. The process
for constructing the urethane has been explained in detail in Section 3.3.1. The overall
manufacturing process involved (1) translating the computational models to wax models,
(2) re-casting the wax models into metal models, (3) encapsulating the metal core within
optically clear urethane, (4) heating the urethane block to melt the metal core, and (5)

remove metal remnants using acid wash and polishing the urethane blocks to enhance
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optical clarity.

6.2.3.2 Device Deployment

The physical aneurysm models were embolized with TruFill DCS Orbit detachable coils
(Codman Neurovascular, Johnson & Johnson, Brunswick, NJ). A pusher wire was used to
advance the coils into the aneurysm after which a clinical coil detachment syringe
(TruFill DCS Syringe, Codman, Johnson & Johnson, New Brunswick, NJ) was used to
detach the coils from the delivery system. Series of coils were deployed within both
aneurysms, with larger coils framing the aneurysmal sac and smaller coils filling up the
space within to achieve PDs that matched the in-silico deployments approximately. The

final deployed coil configuration in IBTA-3 and IBTA-8 are shown in Figure 6.4.

¢
i
I
;
]
#

Figure 6.4: Deployed embolic coils in the physical urethane models.
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6.2.3.3 Particle Image Velocimetry

The urethane models, before and after treatment with embolic coils, were connected to a
flow loop to measure hemodynamic responses at the aneurysm neck. The flow loop and
PIV process has been described in Sections 3.3.2 - 3.3.5. Volumetric flow data were

acquired over five planes within the fluid volume, each plane separated by 0.5 mm.

6.2.4 Analysis

6.2.4.1 Computational Data Analysis

Tecplot 360 was used to calculate WSS (in the distal half of aneurysmal dome), Vyyg
(over the entire aneurysmal dome, and the neck-plane), and cross-neck flow in IBTA and
ISA templates, before and after treatment with embolic coils. Hemodynamic responses
obtained under steady and pulsatile conditions in the IBTA templates were also compared
using Pearson correlation. The calculated steady responses were then statistically
analyzed using JMP Pro (JMP, SAS Institute, Inc., Cary, NC) to determine the
contributions of DS, IA, and PD toward modifying IBTA and ISA hemodynamics as a
2x2x2 factorial design. The two levels of PDs corresponded to the pretreated (PD of 0%)
and treated (PDs of 26% and 27% for DS of 4mm and 6 mm, respectively) conditions.
Sum of squares (SS) values for each factor (and factor interactions) were calculated using

regression analysis, and the percentage contribution of each factor was then calculated as
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SS fuc
%Contribution = % x100%. (6.2)
total

This method is similar to the analysis technique presented by Rhew and Parker [97].
Following the 2x2x2 factorial analysis, two 2-factor two-level analyses were conducted
to consider the effects of geometry on untreated and treated aneurysm hemodynamics
separately. SS values were calculated as previously described to determine the percentage
contributions of each of the geometric factors, and their interactions, toward effects on

hemodynamics.
6.2.4.2 Experimental Data Analysis

An in-house MATLAB code (MathWorks, Inc., Natick, MA) was used to analyze the
velocity data measured using PIV. CNF at the neck-plane was calculated and compared
to the CNF values obtained from corresponding computational IBTA templates using
Pearson correlation. Only the neck-plane vectors could be analyzed in experimental

cases, because the aneurysmal sac was occluded with coils in the treated physical models.
6.3  Results
6.3.1 Idealized Bifurcation Aneurysm Results

The CFD-based hemodynamic responses for all four IBTA templates, before and after

treatment with embolic coils, and across all investigated steady flow rates, are reported in
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Table 6.2. As expected, packing the aneurysm with embolic coils (increasing the PD from
0% to over 25%) decreased all calculated responses, except neck-plane Vrus in IBTA-8 .
Figure 6.5 illustrates the effects of increasing PD on aneurysmal WSS in the IBTA
templates at a 3 ml/s steady inflow rate. Increasing DS from 4mm to 6mm (keeping [IA
constant) increased WSS, Vp,s, and CNF in the untreated and treated templates. For
example, the effects of increasing DS on CNF are illustrated in Figure 6.6 (black to red

boxes). A, on the other hand, had lesser effects on hemodynamics.
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Table 6.2: Hemodynamic responses calculated from CFD for all four
IBTA templates and across all investigated steady and pulsatile (in
parenthesis) flow rates before and after treatment with embolic coils.

Untreated Treated
0% PD PD 26% (DS: 4mm)
Flow PD 27% (DS: 6 mm)
Model Rate Aneurysm Neck-plane Aneurysm Neck-plane
(mL/s)

WSS V euss Vius CNF WSS V euss Vius CNF

Pa m/s m/s mL/s Pa m/s m/s mL/s

0.031 0.008 0.023 0.085 0.001 0.003 0.020 0.033
IBTA - 2 (0.077) (0.010) (0.028) (0.101) (0.001) | (0.003) | (0.018) (0.032)
3 0.116 0.017 0.040 0.153 0.003 0.008 0.037 0.070
(4 mm, : (0.135) (0.019) (0.047) (0.136) (0.003) | (0.009) | (0.038) (0.073)
135°) 0.265 0.027 0.057 0.219 0.007 0.015 0.054 0.108
! (0.304) (0.030) (0.067) (0.232) (0.029) | (0.015) | (0.053) (0.107)

0.016 0.008 0.034 0.111 0.001 0.006 0.033 0.078
IBTA - 2 (0.019) (0.012) (0.035) (0.100) (0.001) | (0.006) | (0.030) (0.030)
4 0.089 0.021 0.063 0.207 0.004 0.012 0.058 0.145
(4 mm, : (0.147) (0.026) (0.070) (0.176) (0.002) | (0.011) | (0.054) (0.054)
180°) 0.264 0.036 0.090 0.300 0.006 0.018 0.083 0.206
! (0.260) (0.038) (0.084) (0.274) (0.006) | (0.016) | (0.074) (0.074)

0.175 0.021 0.042 0.337 0.005 0.006 0.032 0.128
IBTA - ? (0.187) (0.022) (0.039) (0.321) (0.009) | (0.007) | (0.035) (0.035)
7 0.462 0.038 0.067 0.535 0.017 0.013 0.059 0.255
(6 mm, : (0.484) (0.039) (0.063) (0.416) (0.018) | (0.014) | (0.067) (0.067)
135°) 0.858 0.056 0.093 0.730 0.036 0.020 0.086 0.385
! (0.883) (0.056) (0.087) (0.646) (0.035) | (0.023) | (0.102) (0.012)

0.062 0.017 0.040 0.283 0.004 0.006 0.036 0.132
IBTA - 2 (0.050) (0.016) (0.043) (0.250) (0.006) | (0.005) | (0.035) (0.035)
8 0.277 0.035 0.067 0.477 0.013 0.014 0071 0.292
(6 mm, : (0.222) (0.032) (0.071) (0.339) (0.011) | (0.012) | (0.066) (0.066)
180°) A 0.644 0.055 0.094 0.673 0.029 0.023 0.109 0.466
(0.486) (0.048) (0.097) (0.504) (0.025) | (0.020) | (0.133) (0.133)
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Figure 6.5: Wall shear stress distribution in the idealized basilar tip
aneurysm templates pre- and post-treatment at a 3 mL/s steady inflow rate.
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Figure 6.6: Effects of increasing aneurysmal dome size (from black to red
boxes) on cross-neck flow keeping inflow angle constant within grouped
bars. The solid and patterned boxes correspond to 3 mL/s steady and
pulsatile inflow conditions, respectively.
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Hemodynamic responses obtained under pulsatile flow conditions agreed with the steady
flow responses with a strong positive correlation of 0.98 on average [98]. A comparison
of aneurysmal Vy,,s values calculated in IBTA-3 for steady and pulsatile flow conditions

is provided in Figure. 6.7.
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Figure 6.7: Effects of steady (solid boxes) and pulsatile (patterned boxes)
inflow conditions on aneurysmal Vrys for IBTA-3.

Although both factors, DS and PD, affected hemodynamics considerably,
statistical examination of factor contributions revealed that PD had the greatest impact on
responses in and around the aneurysmal volume (i.e., Vg,,s and WSS), while DS has the
greatest impact on the neck-plane response (i.e., CNF). These results are presented
graphically in Figure. 6.8 where the contributions of each of the factors (and their
interactions) to the effects on the four calculated hemodynamic responses are visualized.

Analyzing the effects of geometry on hemodynamics before and after treatment (as two
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2x2 factorial designs) revealed that DS was the greatest contributor to the effects on
hemodynamics in both cases, as shown in Figure 6.9. It was interesting to note that
although the effects of IA on pre-treatment hemodynamics were negligible in most cases,
the contributions of IA toward modifying aneurysmal Vi, and CNF after treatment

grew to 25.46% and 9.94%, respectively.
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Figure 6.8: Percentage contributions of dome size (DS), inflow angle (IA),
and packing density (PD) on (a) aneurysmal wall shear stress, (b)
aneurysmal Vrys, (¢) neck-plane Vrus, and (d) cross-neck flow.
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Figure 6.9: Percentage contributions of dome size and inflow angle on
untreated (solid boxes) and treated (patterned boxes) hemodynamics under

steady flow conditions.

CNF was calculated from the experimental data and compared against the
corresponding CFD results for validation. Figure 6.10 represents the CNF values
calculated using CFD and measured using PIV at a 3 ml/s steady inflow rate before and

after treatment. Although some differences in absolute values of CNF were observed
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between the CFD and PIV data, the overall trends were very similar between the two
groups. Strong correlations (i.e., 0.98 and 0.95 before and after treatment, respectively,
across all steady flow rates) were observed between experimental and computational
results. The average discrepancy between the PIV and CFD results was 37.07%, across
all steady flow rates (before and after treatment). A qualitative comparison between CFD

and PIV velocity vector plots from IBTA-8 at a 3 ml/s inflow rate is also provided in

Figure. 6.11.
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Figure 6.10: CFD to PIV comparison of cross-neck flow in untreated
(solid boxes) and treated (patterned boxes) IBTA models at a 3 mL/s
steady inflow rate.
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Figure 6.11: CFD (left) and PIV (right) velocity vector distribution, color-
coded by velocity magnitude, in IBTA-8 at 3 mL/s steady inflow rate.

6.3.2 Idealized Sidewall Aneurysm Results

The hemodynamic responses (aneurysmal WSS, aneurysmal and neck-plane Vgrms, and
CNF) calculated from CFD in all four investigated IBTA templates, pre- and post-
treatment with embolic coils are presented in Table 6.3. Similar to the IBTA templates,
measured hemodynamic responses post-treatment with embolic coils decreased all
calculated hemodynamic responses. Figure 6.12 illustrates the effects of embolic coil
treatment towards modifying intra-aneurysmal flow patterns all four ISA templates.

Example of the effects of DS and IA on pre- and post treatment CNF and aneurysmal
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Vrms, respectively, is illustrated in Figure 6.13. In general, increasing DS and A

increased all calculated hemodynamic responses.

Table 6.3: Hemodynamic responses calculated from CFD for all four ISA
templates and across all investigated steady flow rates before and after
treatment with embolic coils.

Treated
Untreated
PD 26% (DS: 4mm)
Flow 0% PD
PD 27% (DS: 6 mm)
Model Rate
Aneurysm Neck-plane Aneurysm Neck-plane
(mL/s)

WSS Vs Virums CNF WSS Vs Vs CNF
(Pa) (m/s) (m/s) (mL/s) (Pa) (m/s) (m/s) (mL/s)
ISA -3 2 0.009 | 0.004 | 0.024 | 0.009 0.000 0.003 0.020 0.005
(4 mm, 3 0.014 | 0.005 | 0.033 0.015 0.001 0.004 0.027 0.008
90°) 4 0.019 | 0.007 | 0.041 0.021 0.001 0.005 0.033 0.012
ISA-4 2 0.013 | 0.005 | 0.026 | 0.029 0.001 0.004 0.021 0.020
(4 mm, 3 0.051 | 0.013 | 0.046 | 0.072 0.002 0.010 0.038 0.061
135%) 4 0.161 | 0.024 | 0.071 0.128 0.005 0.019 0.064 0.115
ISA -7 2 0.010 | 0.005 | 0.029 | 0.028 0.001 0.002 0.018 0.014
(6 mm, 3 0.015 | 0.007 | 0.038 | 0.046 0.002 0.002 0.024 0.022
90°) 4 0.021 | 0.008 | 0.046 | 0.060 0.003 0.003 0.030 0.030
ISA -8 2 0.029 | 0.011 | 0.056 | 0.097 0.003 0.004 0.039 0.061
(6 mm, 3 0.115 | 0.023 | 0.093 0.196 0.010 0.011 0.074 0.150
135%) 4 0.316 | 0.039 | 0.133 0.313 0.022 0.020 0.11 0.267
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Figure 6.12: Velocity streamtraces, colored-coded by velocity magnitude,
in (top) pre- and (bottom) post-treatment ISA templates.
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Figure 6.13: Effects of changing (a) dome size on cross-neck flow, and (b)
inflow angle on aneurysmal Vrys, keeping the other factor constant within
the grouped bars at a steady inflow rate of 3 mL/s.

Statistical examination of the effects of DS, IA, and PD (as a 2x2x2 factorial
design) on hemodynamics revealed that the IA had the largest effect on aneurysmal and

neck-plane Vrms, and CNF, while PD had the largest effects only on aneurysmal WSS, as
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illustrated in Figure 6.14. These results were slightly different from the results obtained
from the IBTA templates where PD had the largest contribution towards modifying both
aneurysmal responses. The contributions of geometry on effects on pre- and post-
treatment hemodynamics were also investigated, as two 2x2 factorial designs, and the

results are graphically presented in Figure 6.15.
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Figure 6.14: Percentage contribution of the effects of dome size, inflow
angle, and packing density on (a) aneurysmal wall shear stress, (b)
aneurysmal Vgrwms, (¢) neck-plane Vrums, and (d) cross-neck flow in the
idealized sidewall aneurysm templates.
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boxes) and treated (patterned boxes) hemodynamic responses.

6.4 Discussion

6.4.1 Effects of Geometry and Treatment on Idealized Bifurcation Aneurysm

Hemodynamics

The results of this study demonstrated that among the geometric and treatment factors

examined, PD made the greatest contributions to effects on Vg, and WSS. This result is
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not surprising, as PD is often the variable that clinicians focus on most in working toward
a successful coiling outcome. However, in the context of CNF, DS was found to have the
greatest impact, while the A had the largest impact on neck-plane Vrms. As a whole, the
results thus indicate that the treatment factor (i.e., PD) affects hemodynamics most in the
aneurysm (Vpg,,;s and WSS are both quantified in or around the aneurysmal sac), while the
geometric factors (i.e., DS and IA) affect hemodynamics most at the neck of the
aneurysm (CNF and neck-plane Vgrms is evaluated at the aneurysmal neck-plane,
upstream of the coil mass).

Another interesting finding from this study is that although IA had relatively little
impact on aneurysmal hemodynamics in the untreated case, the factor became much more
impactful after treatment. This result demonstrates that the geometric factors that
influence aneurysmal hemodynamics can be different for untreated aneurysms and those
same aneurysms after coiling. Treatment design and execution may thus benefit from
considering both the geometric factors that dictate pre-treatment hemodynamics, as well

as the factors that could play a greater role in dictating hemodynamics after treatment.

6.4.2 Effects of Geometry and Treatment on Idealized Sidewall Aneurysm

Hemodynamics

Statistical examination of the geometric and treatment main effects on aneurysmal and
neck-plane hemodynamics revealed that IA made the largest contribution (over 54%) to
effects on aneurysmal and neck-plane Vrus, and CNF. The effects of PD on WSS, on the

other hand, were similar to the IBTA templates where PD made the largest contribution
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towards effects on WSS. Aneurysmal DS made the second largest contributions to
modifying both neck-plane responses. Combinations of factor interactions also made
contributions to effects of neck-plane hemodynamics and WSS, the most prominent of
which were the combinations of A with DS or PD.

In contrast to the effects of geometry on IBTA hemodynamics, IA consistently
played the greatest role on modifying pre- and post-treatment hemodynamics in the ISA
templates. It was interesting to note that while DS made the second largest contribution to
effects on Vgruys in the pre-treatment templates, the combination of DS and IA made the

second largest contribution towards modifying Vrys in the post-treatment templates.

6.4.3 Clinical Implications

The possible clinical implications of these findings can be further appreciated in the
context of unsuccessful treatment outcomes, such as aneurysmal rupture and recurrence.
Aneurysmal rupture typically occurs beyond the neck in the aneurysmal sac, so PD may
be the most important factor to consider in designing and executing a treatment in a
bifurcation aneurysm so as to prevent rupture. However, in the case of a sidewall
aneurysm, the effects of IA must also be taken into consideration in addition to PD.
Aneurysmal recurrence, on the other hand, manifests when the neck of the aneurysm fails
to fully close, so we hypothesize that DS may be the most important factor to consider in
targeting eventual aneurysmal occlusion in a bifurcation aneurysm, while the IA may be
the most important factor to consider in targeting a sidewall aneurysm occlusion. This
hypothesis is also supported by clinical findings in that aneurysms with large DS have
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been firmly associated with elevated recurrence rates [112], [113]. Turjiman et al. noted
that in addition to large aneurysm DS, more obtuse IA (increased IA) correlated with
unsatisfactory occlusion post-coiling [114]. More diligent Post-treatment follow up may
thus be called for in order to monitor for the higher likelihood of recurrence associated
with large DS aneurysms.

While this study was successful in providing greater insight into the roles that
different geometric factors may play in aneurysmal hemodynamics before and after
treatment with embolic coils, it is not without a few limitations. First, the study focused
on idealized models of aneurysms, but in the clinic, each patient-specific anatomical case
will certainly behave differently. For example, the anatomical aneurysm presented in
Figure 6.16demonstrates higher magnitude WSS values but less considerable reductions
in WSS after coiling (i.e., 60.0% reduction as opposed to 79.3% in the idealized case).
The overall trend is fundamentally similar though. The example in Figure 6.16also
illustrates how hemodynamics at the neck plane can change following treatment, as the

WSS levels near the neck clearly elevate after coiling.
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Figure 6.16: WSS changes in anatomical bifurcation aneurysm model,
before and after treatment with embolic coils, at a 3 mL/s steady inflow
rate.

Second, every coil deployment is different, and accordingly different hemodynamic
outcomes can present even when the same coils are used to pack an aneurysm to the same
PD in repeated trials. However, a study by Babiker et al. has shown that at high PDs like
those examined here, different coil deployments effect minimal variation in
hemodynamic responses [79]. Third, discrepancies in absolute values of CNF were
observed between the computational and experimental IBTA cases. This discrepancy is
mainly attributed to differences in the fluid domain examined by CFD and PIV. Unlike
CFD, PIV excluded some lower velocity flow regions toward the outskirts of the
aneurysmal neck that resulted in higher magnitudes of CNF as compared to the CFD
cases. Future work will include the examination of a broader range of anatomical
geometries under steady and pulsatile flow conditions, and will continue development of

the proposed methods toward interventional planning and optimization in the clinic.
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CHAPTER 7
HEMODYNAMIC CHARACTERIZATION OF CEREBRAL ANEURYSM

TEMPLATES TREATED WITH PIPELINE EMBOLIZATION DEVICE

7.1 Introduction

Cerebral aneurysms are often treated using flow diverting (FD) stents when
embolic coiling or surgical clipping are not viable options. In this technique, a
microcatheter containing the low porosity endovascular stent is inserted into the femoral
artery and is navigated to the aneurysm site under fluoroscopic guidance. The stent is
then deployed across the aneurysm neck using a "push and pull" technique where the
device is pushed out of the microcatheter while the microcatheter is pulled back
simultaneously. The high density (low porosity) mesh design of the device reduces the
inflow of blood into the aneurysm, promoting intra-aneurysmal thrombosis [21], [115].
Over time, vascular reconstruction of the parent-vessel and the aneurysmal neck
completely isolates the aneurysm from circulation. The pipeline embolization device
(PED) is one such flow diverter often used in clinical practice. PEDs are primarily used
to treat large or giant aneurysms (i.e., aneurysms with dome size (DS) > 10 mm), and can
be used as a stand-alone treatment for cerebral aneurysms with dome-to-neck ratios
(DNR) less than 1.6, where embolic coiling without any adjunctive techniques is not a
practical treatment option [19], [21], [22], [25]. Treatment with PEDs are extremely
effective, with over 80% 6-month Post-treatment occlusion rates [21]-[23]. However,
since majority of the aneurysms found in the general population are under 10 mm, the
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effectiveness of PEDs in treating smaller aneurysms are being investigated as well [5],
[26].

In this chapter, the effects of geometry and PED treatment on idealized
bifurcation and sidewall aneurysm hemodynamics are investigated using computational
fluid dynamics (CFD). The effects of cerebral aneurysm geometry on pre- and post-
treatment hemodynamics are also investigated. Wide-neck (i.e., DNR = 3:2 or 1.5)
cerebral aneurysm templates are chosen for investigation from the full factorial

bifurcation and sidewall aneurysm designs described in Chapters 4 and 5.

7.2 Methods

7.2.1 Study Design

Wide-neck cerebral aneurysm templates with 3:2 DNRs were chosen for virtual treatment
with PEDs from the idealized basilar tip aneurysm (IBTA) and sidewall aneurysm (ISA)
templates described in Chapters 4 and 5. Figure 7.1 (a) shows the templates chosen for
investigation (marked with orange bubbles). This facilitated the creation of a 2* factorial
design, as shown in Figure 7.2 (b), where the red and blue edges of the square represent
an increase in DS and inflow angle (IA), respectively, along the direction of the colored
arrows. Additionally, two large aneurysm templates (i.e., 6 mm DS) with high DNR (i.e.,
2:1), marked with pink bubbles in Figure 7.2 (a) were also investigated. Although a DNR
of 2:1 indicated that the aneurysms were good candidates for embolic coiling, more coils

are required to achieve packing densities between 20 and 25% for effective treatment
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outcomes.
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Figure 7.1: (a) Full Factorial design of DS, DNR and IA with orange
bubbles representing the 3:2 DNR templates and pink bubbles
representing the two templates with 2:1 DNR chosen for investigation
with PEDs, and (b) a 2> factorial design the wide-neck templates.

7.2.2 Computational Modeling and Virtual Device Deployment

The computational cerebral aneurysm templates were constructed in SolidWorks, as
described in Sections 4.2.2.1 and 5.2.2. The IBTA and ISA templates were virtually
treated with FE PED models using the EndoVantage Interventional Suite (EVIS)
(EndoVantage, Scottsdale, AZ, USA). PEDs of diameter 4.5 mm and length 12 mm were
chosen from a library of FE device models. The FE device library was previously
validated against geometric and force-based measurements of the physical devices. The

devices were first crimped to a diameter of 0.68 mm that represents the inner diameter of
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a microcatheter that houses the PED. Several boundary conditions were then prescribed
to simulate the deployment procedure using an explicit FE solver. Displacement
boundary conditions were then applied to the tip of the virtual microcatheter in order to
guide the PED delivery system to the device landing zone, as shown in Figure 7.2 (a) and
(b). Device unsheathing was then simulated using a “push and pull” algorithm to imitate
clinical PED deployment process, as shown in Figure 7.2 (c) — (f). The optimal device
shape was preserved during the virtual deployment process. The final deployed PED
configurations in the IBTA and ISA templates are shown in Figures 7.3 and 7.4. The

deployed PED models were then exported as VRML files for CFD simulations.

Figure 7.2: Virtual PED deployment process in a sidewall cerebral
aneurysm template. (a) and (b) depict displacement of the microcatheter to
the device landing zone, and (c¢) — (f) depict the device unsheathing
process.
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Figure 7.3: IBTA templates virtually treated with pipeline embolization
device.

Figure 7.4: ISA templates virtually treated with pipeline embolization
device.
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7.2.3 Computational Fluid Dynamics (CFD)

The untreated and virtually treated cerebral aneurysm templates were prepared for CFD
simulations using ANSYS ICEM 14.1. The blood and PED domains were discretized into
unstructured tetrahedral elements using the Octree process. The devices were meshed
with a maximum element size of 0.016 mm. The maximum mesh element size chosen for
the treated IBTA and ISA templates were based on the results of a mesh refinement study
on the untreated templates, as described in Sections 4.2.2 and 5.2.3. The IBTA templates
were meshed with a maximum element size of 0.25 mm, and the resulting meshes ranged
between 45.57 and 55.16 million mesh elements. The ISA templates were meshed with a
maximum element size of 0.17 mm, and the meshes ranged between 43.44 and 53.08
million elements.

The meshed geometries were next imported into ANSYS Fluent for CFD
simulations, where blood was modeled as an incompressible and Newtonian fluid. The
PED surface and vessel walls were assumed to be rigid, with a no-slip condition imposed
at the walls. A second-order scheme was used for momentum discretization, and the
SIMPLE algorithm was used for pressure-velocity coupling. Steady inflow rates of 2, 3
and 4 mL/s, corresponding to velocities of 0.159, 0.239 and 0.318 m/s, were prescribed at

the inlet for all simulations.

IBTA Simulations

Blood was modeled with a density and viscosity of 1500 kg/m’ and 3.86 cP, respectively,
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to match the untreated IBTA cases described in Chapter 5. Resistance outflow boundary
conditions were prescribed at the outlets according to equation 5.1. The outlet pressure
values calculated from equation 5.1 were 11080, 16620 and 22160 Pa for inflow rates of
2, 3 and 4 mL/s respectively. It is to be noted that the untreated IBTA templates were
simulated using a zero pressure (and zero traction) outlet boundary condition, while the
treated IBTA templates were simulated using a resistance outflow boundary condition.
However, in a study comparing the effects of zero pressure and resistance outlet
boundary conditions, it was observed that the aneurysmal hemodynamic responses varied

by less than 5% between the two cases.

ISA Simulations

Blood was modeled with a density and viscosity of 1060 kg/m’® and 3.71 cP, respectively.
Steady inflow rates of 2, 3 and 4 mL/s were investigated, and a resistance outflow
boundary condition was prescribed at the ISA outlet. The outlet pressures were calculated
according to equation 5.1, and were 11940, 17910 and 23880 Pa for inflow rates of 2, 3

and 4 mL/s, respectively.

7.2.4 Data Analysis

Distal aneurysmal wall shear stress (WSS), aneurysmal and neck-plane root-
mean-square velocity magnitude (Vrums) and cross-neck flow (CNF) were calculated from

the CFD simulation results using Tecplot 360. Changes in hemodynamic responses
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before and after treatment with PED, and changes with respect to increase in a single
geometric factor (with the other factor held constant) were calculated. The hemodynamic
responses obtained from the large dome, narrow neck IBTA and ISA templates (i.e., DS
= 6 mm, and DNR = 2:1) treated with PED were also directly compared to the same
templates treated with embolic coiling (described in Chapter 6) to investigate the impact
of the two endovascular devices on post-treatment hemodynamics.

The hemodynamic responses were then examined using a statistical analysis
software to determine the contributions of the two geometric factors (i.e., DS and IA) and
one treatment factor (i.e., treatment with PED) towards modifying cerebral aneurysm
hemodynamics. The data was first analyzed as 2’ factorial design with DS, IA, and
treatment as the three factors. The two levels of treatment corresponded to untreated and
treated conditions. The percentage contribution of each factor, and interactions, towards
modifying hemodynamics was calculated by dividing the sum of squares (SS) values for
each individual factor by the total SS value, as shown in equation 6.2. Following the two
2° factorial designs, the pre- and post-treatment data were analyzed as two 2x2 factorial

designs to understand the effects of geometry on pre- and post-treatment hemodynamics.

7.3 Results

7.3.1 Idealized Bifurcation Aneurysm Results

Increasing aneurysmal DS from 4 to 6 mm (keeping IA constant) resulted in an increase

in aneurysmal and neck-plane Vrums, CNF, and WSS in the pre- and post-treatment IBTA
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templates (except for WSS in one untreated model pair).Please note that the untreated and
treated results will be presented in the following form: (untreated result, treated result).
In general, increasing DS increased aneurysmal Vrums by (45.56%,41.24%), neck-plane
Vrums by (66.67%, 12.05%), CNF by (195.69%, 134.03%), and WSS by (26.68% and
74.45%), across all models and flow rates. An example of the effect of increasing DS on
neck-plane Vrys is shown in Figure 7.5 (change from black to red boxes). Changing IA,

however, did not have consistent effects on pre- and post-treatment hemodynamics.

Il Untreated (DS = 4 mm) Treated (DS = 4 mm)
B Untreated (DS = 6 mm) Treated (DS = 6 mm)
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Figure 7.5: Effects of increasing aneurysmal dome size on neck-plane
Vrums in the idealized bifurcation aneurysm templates, at a steady inflow
rate of 3 mL/s.

Examination of pre- and post-treatment hemodynamics in IBTA-7 and 8 templates
allowed for the examination of the effects DNR change between the large dome
templates. As in the case of the untreated IBTA results presented in Chapter 4, increase in

DNR from 3:2 to 2:1 decreased all calculated neck-plane and aneurysmal hemodynamic
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responses, as illustrated in Figure 7.6. Increase in DNR decreased neck-plane Vrms by
(51.10%,33.23%), aneurysmal Vrums by (48.70%,54.03%), WSS by (42.46%,71.71%,),

and CNF by (58.76%,58.19%,).

Il Untreated (DNR = 3:2) Treated (DNR = 3:2)
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Figure 7.6: Effects of increasing DNR (from black to green boxes) in
untreated (solid boxes) and treated (patterned boxes) IBTA templates.

The hemodynamic responses calculated from the steady CFD results in the wide-
neck (3:2 DNR) templates were then analyzed as a 2x2x2 factorial design with DS, A
and Treatment as the three main factors to determine the percentage contribution of each
factor (and interactions) towards modifying a hemodynamic response. The results are
illustrated in Figure 7.7.Aneurysmal DS made the largest contribution towards modifying
the neck-plane hemodynamic responses with 78.70% and 36.01% contribution towards

modifying neck-plane Vrus and CNF, respectively. DS also made the second largest
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contribution towards effects on aneurysmal Vrus (43.08%). The effects of treatment had
the largest effect on modifying aneurysmal Vrums by 44%, and second largest effect on
neck-plane Vrums by 29.09%. Several factor interactions also played important roles (as
high as 27.68% contribution) in modifying IBTA hemodynamics, most prominent of
which were the interactions between IA and Treatment on WSS, and interactions between

DS, IA and Treatment on WSS, and aneurysmal Vgys.
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Figure 7.7: Percentage contribution of DS, IA and treatment with PED on
modifying aneurysmal and neck-plane hemodynamic responses.
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The hemodynamic responses obtained from the 3:2 DNR IBTA templates were
also investigated as a 2x2 factorial design to understand the effects of aneurysm geometry
on hemodynamics, before and after virtual treatment with a PED, illustrated in Figure
7.8. DS made the greatest contribution (over 47%) towards modifying all hemodynamic
responses (except WSS in the pre-treatment templates). IA, on the other hand, had the
most effect on WSS (57.63%), and the second largest effect on modifying neck-plane
Vrms and CNF in the untreated IBTA templates, and the second largest effect on
modifying treated neck-plane Vrms. The combination of DS and IA played important
roles in modifying pre- and post-treatment hemodynamics (over 13% and as high as
37.88%). It was interesting to note that while the contribution of DS on WSS was less

than 5% in the untreated case, the contribution of DS on treated WSS increased to 68%.
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Figure 7.8: Effects of the geometric factors (i.e., DS and IA) on pre- and
post-treatment IBTA hemodynamics.

7.3.2 ldealized Sidewall Aneurysm Results

Virtual treatment with PED in the ISA templates decreased WSS, aneurysmal Vgus,
neck-plane Vryms and CNF by 87.12%, 76.65%, 70.52% and 50.71%, respectively, across
all templates and flow rates. Increasing DS in the wide-neck ISA templates increased all
calculated aneurysmal and neck-plane hemodynamic responses. The effects were more
prominent in the 135° ISA templates, and in the treated ISA templates. On average across
all templates and flow rates, increasing DS increased WSS by (93.89%,219.18%),
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aneurysmal Vrms by (66.89%,161.88%), neck-plane Vrms by (56.57%,174.25%) and
CNF by (272.29%,297.53%), where (changel,change?) denote untreated and treated
percentage change, respectively. As observed in the untreated and coiled ISA templates,
IA also affected treatment with PED. On average, increase in IA from 90° to 135°
increased WSS by (1134.06%,1542.13%), aneurysmal Vgrms by (362.72%,705.11%),
neck-plane Vrums by (201.14%,771.56%) and CNF by (362.94%,598.16%). Example of
the effects of increase in DS (from black to red boxes) on neck-plane Vryms and increase

in A (from black to blue boxes) on aneurysmal Vrys is illustrated in Figure 7.9.
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Figure 7.9: Effects of increasing (a) DS on neck-plane Vrus, and (b) IA on
aneurysmal Vrys for a 3 mL/s steady inflow rate.

Statistical examination of the two geometric factors (i.e., DS and IA) and one
treatment factor (i.e., treatment with PED) as 2x2x2 factorial design demonstrated that
the IA made the largest contribution to effects on all calculated aneurysmal and neck-

plane hemodynamic responses, by over 22%. Treatment with PED made the second
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highest contribution to effects on ISA hemodynamics, while DS made the third highest
contribution to effects on all calculated hemodynamic responses (except WSS). As in the
case of the IBTA templates, several factor interactions made noteworthy contributions to
effects on hemodynamics. The most prominent factor interaction(s) was the interactions

of IA with Treatment or DS (greater than 14%). Result from the 2x2x2 factorial analysis

is shown in Figure 7.10.
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treatment on ISA hemodynamics.
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In order to understand the impact of aneurysm geometry on pre- and post-
treatment hemodynamics, the results obtained from the 3:2 DNR templates were analyzed
as a 2x2 factorial design. As shown in Figure 7.11, IA made the largest contribution
towards modifying WSS, aneurysmal and neck-plane Vrus, and CNF, as high as 72.79%.
DS had the second highest contribution towards modifying all hemodynamic responses,
except post-treatment CNF. Interactions between DS and IA also played important roles

in modifying pre- and post-treatment ISA hemodynamics, sometimes as high as 33.67%.
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Figure 7.11: Effects of dome size and inflow angle on ISA hemodynamics,
before and after treatment with pipeline embolization device.
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7.3.3  PED versus Embolic Coiling

In addition to the wide-neck IBTA and ISA templates, two narrow-neck (2:1)
templates were investigated to understand the effects different treatment outcomes on
cerebral aneurysm hemodynamics. Figure 7.12 represents velocity streamtraces, color-
coded by velocity magnitude, in IBTA and ISA templates virtually treated with PED and
embolic coils. The IBTA and ISA in the figure have a DS of 6 mm, DNR of 2:1 and

inflow angle of 135°.
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Figure 7.12: Streamtraces color-coded by velocity magnitude in idealized
bifurcation and sidewall aneurysm templates (left) pre-treatment, (middle)
after virtual treatment with PED, and (right) after virtual treatment with
embolic coils.
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From the figure, the hemodynamic modification that the endovascular devices effect can
be visualized by the reduction in intra-aneurysmal flow velocities. Virtual treatment with
PED and embolic coils reduced WSS, aneurysmal and neck-plane Vryms, and CNF in the
two investigated IBTA and ISA templates (i.e., template 7 and 8), as illustrated in Figures

7.13 and 7.14.
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Figure 7.13: Effects of treatment with PED and embolic coils on idealized
bifurcation aneurysm templates.
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Figure 7.14: Effects of treatment with PED and embolic coils on idealized
sidewall aneurysm templates.

The figures clearly depict the impact of aneurysm geometry on endovascular treatment
outcomes. While treatment with embolic coils seem to produce better outcomes in the
IBTA templates, PEDs may be more suitable for treating the ISA templates. The
differences in treatment outcome between the two basic aneurysm variants call for the

need of geometric/hemodynamic basis for cerebral aneurysm evaluation and treatment

planning.
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7.4 Discussion

Endovascular devices such as embolic coils and PEDs isolate the aneurysm from
circulation by reducing intra-aneurysmal hemodynamics to promote thrombus formation
within the aneurysm dome. Understanding cerebral aneurysm hemodynamics prior to
treatment, and after treatment with endovascular devices is critical to cerebral aneurysm

evaluation and treatment planning.

7.4.1 Effects of Geometry and Treatment on IBTA and ISA Templates

Treatment of the idealized bifurcation and sidewall aneurysm templates with PEDs
reduced intra-aneurysmal hemodynamics indicating a positive treatment outcome.
Changes in aneurysm geometry (i.e., DS, IA, and DNR) affected aneurysmal and neck-
plane hemodynamics. Increasing the DS from 4 to 6 mm increased WSS, aneurysmal and
neck-plane Vrys, and CNF in the IBTA and ISA templates, before and after treatment
with PED. TA, on the other hand, had the most effect on ISA hemodynamics where
increase from 90° to 135° increased all calculated hemodynamic responses. Statistical
examination of the two geometric factors (i.e., DS and IA) and one treatment factor (i.e.,
PED treatment) demonstrated that while DS made the greatest contribution towards
modifying neck-plane responses in the IBTA templates, IA had the largest effects on all
computed hemodynamic responses. Treatment with PED had the largest contribution
only to effects of aneurysmal Vgrums in the IBTA templates. However, in the case of the

ISA templates, treatment with PED had the second largest contribution towards effects on
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WSS, aneurysmal and neck-plane Vrms, and CNF. The findings indicate that the impact
of geometric and treatment factors on hemodynamics in the two main cerebral aneurysm
variants are quite different, and need to be characterized in order to better inform clinical

decisions.

7.4.2 Effects of Aneurysm Geometry on Treatment Outcomes

This study also investigated the effects of two different endovascular devices, i.e., PED
and embolic coils, on IBTA and ISA hemodynamics. Figure 7.12 — 7.14 clearly indicate
the different hemodynamic environments the two devices effect on the bifurcation and
sidewall aneurysm geometries. The findings indicated that while embolic coiling
produced greater hemodynamic reductions in the IBTA templates, PED contributed to
better treatment outcomes in the ISA templates. Advances in FE modeling of different
endovascular devices, along with CFD, has the potential to develop pre-interventional
treatment planning tools that can help clinicians choose the best treatment option on a

patient-specific basis for cerebral aneurysm repair.

7.4.3  Clinical Implications

Higher hemodynamic responses were observed for the larger aneurysm templates (i.e.,
templates with 6 mm DS). This finding agree with previous studies where aneurysms
with larger DS, and were found to be more prone to rupture [3], [5]. Furthermore,

increase in aneurysmal DS, or enlargement, was also observed to be an important
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predictor of rupture risks where aneurysms at the time of rupture were found to be larger
than at initial assessment [4]. Although treating the larger aneurysm with endovascular
devices successfully decreased intra-aneurysmal hemodynamics, the absolute values of
the calculated hemodynamic responses were still higher in the 6 mm aneurysm templates,
indicating the possible benefit of treating a cerebral aneurysm at an earlier stage rather
than waiting for it to grow. However, the treatment of smaller aneurysms is still a gray
area since the risks of treating the aneurysm may outweigh the rupture risks [31].

Aneurysm size has been established as an independent predictor of aneurysmal
rupture, and is currently used in clinical practice for cerebral aneurysm evaluation and
treatment planning [3]-[5], [102]. But, in the case of a sidewall aneurysm, it was
observed that A had the largest contribution towards modifying pre- and post-treatment
intra-aneurysmal hemodynamics. Furthermore, treatment with PED and coils produced
different hemodynamic environments based on the aneurysm variant. It is therefore
critical to understand and develop a combined geometric-hemodynamic basis for cerebral
aneurysm evaluation and treatment planning.

While this study demonstrated the impact of aneurysm geometry and treatment on
cerebral aneurysm hemodynamics, it is not without some noteworthy limitations. First,
only idealized cerebral aneurysm templates were investigated in this study. While the
need for a patient-specific evaluation of cerebral aneurysm hemodynamics is necessary,
the goal was to attribute specific hemodynamic features to geometric underliers. Second,
the vessel wall was assumed to be rigid. Although compliant simulations would be more
beneficial, previous studies have demonstrated that geometry is the main driving factor

for cerebral aneurysm hemodynamics, and the effects of compliance is secondary [44],
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[90]. Furthermore, cerebral blood vessels are stiffer in comparison to extra-cranial
vasculature, with a distensibility of about 6% [106]-[108]. Third, the study was
investigated under steady inflow boundary conditions. Previous studies, including the
data presented in Chapters 4 and 6, have shown that steady flow data provide a strong

indication of the pulsatile flow simulations results [20], [109], [110], [116].
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

The main objectives of this dissertation were to (1) characterize the effects of geometry
on cerebral aneurysm hemodynamics (presented in Chapters 4 and 5), and (2)
characterize the effects of geometry on endovascular treatment outcomes (presented in
Chapters 6 and 7). The effects of geometric factors on hemodynamics in cerebral
aneurysms were quantified using CFD simulations. The CFD simulations were also
validated against data from experimental flow measurements using PIV. While some of
the findings were intuitive, confirming them against a full factorial experimental design
provides an objective basis that complements clinical experience. A fundamental
understanding of the effects of cerebral aneurysm geometry on hemodynamics was
established by utilizing controlled factors and conditions, such as low and high levels of
geometric and treatment factors, idealized cerebral aneurysm templates, steady state
simulations (with few pulsatile flow simulations for comparison), and Newtonian fluid
models with rigid wall assumptions. The findings connecting the basic geometric features
of a cerebral aneurysm to hemodynamics (in untreated and treated templates) provides a
more combined geometric/hemodynamic basis, and has the potential to improve cerebral
aneurysm evaluation and treatment criteria.

Future work will include examination of a broader range of anatomical
geometries under steady and pulsatile flow conditions. Accordingly, more realistic
boundary condition that include modeling the fluid-structure interactions is proposed. It

is noteworthy that this study applies only to specific geometric cerebral aneurysm
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templates. One of the anatomical cerebral aneurysms from the database included an
aneurysm that was oriented normal to the plane formed by the parent and outlet vessels at
the bifurcation (rather than within that plane, on top of the bifurcation). As a result, the
hemodynamics in that cerebral aneurysm (which were investigated in a different study)
did not match closely with any of the idealized templates. Furthermore, due to the
computational costs associated with meshing and simulation of the virtually treated
cerebral aneurysm templates, development of alternate meshing and device-modeling
strategies are proposed. Alternative approaches to elucidating the hemodynamic effects
of geometric factors (and effects on different endovascular treatment outcomes), such as
integrating the templates to a multiscale model to understand the holistic impact of

geometry on the global, cellular and genetic scale, may be pursued.
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Figure 3

Computed tomography (CT) angiography of the same aneurysm depicted in Figure 2.
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Figure 4

Magnetic resonance (MR) angiogram depicting normal cerebral vasculature
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