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Summary

Haemodynamic information is believed to be one of the most crucial factors affecting
the initiation, development, growth, and rupture of intracranial aneurysms (IAs).
Many studies of haemodynamic simulation contribute to the understanding of
aneurysmal flow dynamics; however, clarification and justification of the validity of
simulation results inconclusive remains. Besides, for most simulations of flow-
diversion effect using a model flow-diverting (FD) stent, the properties of model FD
stents failed to be calibrated to match the represented device, which would lead to

inaccurate predictions of flow-diversion efficacy.

Thus, this study aims to discover the factors that contribute to a more accurate and
comprehensive simulation of aneurysmal haemodynamics and its flow-diversion
treatment. Two main aspects were investigated in this thesis: 1) evaluation of the
accuracy of computational fluid dynamics (CFD) predictions of aneurysmal
haemodynamics before and after FD stent treatment, by comparing to in vivo and in
vitro observations; and 2) investigation of the practicality of using porous medium (PM)
stent models, with calibration of stent model parameters to represent the commercially
available FD stents, by derivation of parameters like permeability (k) that account for

the flow resistance induced by the model stent.

To meet these needs, haemodynamic investigations of IAs and their flow-diversion
treatments have been performed using different approaches. In Chapter 3 and 4, the
validity of CFD predictions of aneurysmal haemodynamics was evaluated, by
comparing the resolved velocity field in patient-specific aneurysms with experimental
methods, such as particle image velocimetry (PIV) and phase-contrast magnetic
resonance imaging (PCMRI). By comparing against a physical stent model, the PM
model stent was found to be a practical tool to assist flow-diversion simulation. In
Chapter 5 and 6, the PM model thickness range that would help to retain the simulation
benefits without compromising the accuracy was first confirmed; then PM model FD
stents were respectively calibrated to reflect the flow resistance created by several

treatment modes using commercially available FD stents.

Summary
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Overall, CFD prediction is proved to be able to accurately resolve the aneurysmal flow
dynamics, and the investigation of calibrated PM stent modelling provides an
individualised method that is more efficient than CFD simulations with a fully-
resolved stent model yet retains simulation accuracy. These studies substantially
contribute to an improved validity of aneurysmal haemodynamic simulation, thereby
enhancing the clinical relevance of such aneurysmal haemodynamic studies in the

future.
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1.1 Intracranial Aneurysms

An intracranial aneurysm (IA), also referred to as a brain aneurysm or cerebral
aneurysm, is an intracranial vascular disorder that appears as a balloon-like bulge that
dilates out from a localised weakness in the brain artery wall [1] (see Figure 1-1 [2]).

The prevalence rate of IAs in the adult population is up to 5 % [1].

IAs vary in both size and shape [3,4]. Aneurysms are respectively regarded as small,
large, giant, and super-giant aneurysms for aneurysms with diameter less than 15 mm,
between 15 to 25 mm, between 25 to 50 mm, and over 50 mm [5]. [As are classified into
three types by shape, which are saccular aneurysms, fusiform aneurysms, and micro-
aneurysms [1]. Saccular aneurysms, arising from one side of the blood vessel with a
neck and a stem, often occur at the bifurcations and branches of large arteries at the
Circle of Willis [6,7]; and it is the most common type of IA. Fusiform aneurysms, which
have lower occurrence rates, manifest as an expansion in all directions of the artery
locally. Micro-aneurysms are related to chronic hypertension, and often occur in small

blood vessels (less than 300 um).

1.1.1 Causes

The exact mechanisms of the initiation, development, and rupture of an aneurysm still
remain unknown. However, some risk factors are considered to be related to the
aneurysm formation and growth. Both illnesses and genetic conditions may lead to the
initiation of an aneurysm, together with factors like hypertension, smoking, excessive
alcoholism, obesity, and cocaine intake; in addition, head trauma and infections are

also believed to be associated with aneurysm development [8-11].

1.1.2 Symptoms and risks

Patients with an aneurysm may experience various symptoms like headache, nausea,
vomiting, and abnormal vision, etc., while it is also possible for some patients to have
no symptoms [12]; this largely depends on the status of the aneurysm. A severe
consequence of IA development is the rupture of aneurysm, which may result in
subarachnoid haemorrhage (SAH), known as brain bleeding. Patients with SAH have
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35 high risk of brain damage with paralysis or coma, even death. According to the
36 collected data by a study of sudden death [13], ruptured IA account for 1.5 % of all
37 natural sudden death. Additionally, the mortality rate at 30 days after rupture can

38 reach as much as 30 % [1].

39 The occurrence rate and danger level of aneurysms with respect to their locations and
40 shapes also differ. Itis generally believed that larger aneurysms have higher tendency
41 to rupture than smaller aneurysms; and also saccular aneurysms have higher risk of

42 SAH than fusiform aneurysms [14].

43  1.1.3 Diagnosis

44 Most of the aneurysms are discovered when they start to rupture [15]. For most
45 unruptured aneurysms, they are more likely to be discovered during routine brain

46 imaging test incidentally [15].

47 Arteries where most IAs were identified are the anterior communicating artery (ACA),
48 internal carotid artery (ICA), and posterior communicating artery (PCA), with

49 collective occurrence rate of 30 to 35 %, followed by the middle cerebral artery (MCA)

50 with 20 % [16].Depending on the location of the aneurysm and the patient’s medical
51 history, one or more of the following diagnostic tools can be adopted to observe the
52 condition of the aneurysm [17].

53 i.  Magnetic resonance imaging and angiography (MRI/MRA), which produce detailed
54 images of tissues and blood vessels in the brain, using strong magnetic field, radio

55 waves, and field gradients [18].

56 ii.  Computed tomography angiography scan (abbreviated as CT/CTA scan), which
57 produces a series of cross-sectional images that are able to capture detailed images

58 of areas in the brain, using a combination of X-ray scans from different angles [18,19].

59 iii.  Cerebral angiography, based on digital subtraction angiography (DSA) technique,

60 which is a procedure to evaluate various conditions of the blood vessels, using X-
61 ray images of the visible blood vessels after injection of contrast medium into an
62 artery.
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63

Figure 1-1 Intracranial aneurysms observed in rotational angiography (left) and 7 vivo (right). AN1
to AN4 in the intraoperative photographs respectively correspond to the four aneurysms identified
in the rotational angiographical images. 2]

64 1.1.4 Treatments

65 The treatment of an aneurysm is determined from among the following methods
66 according to the patient’s need and the condition of the aneurysm. The size and
67 location, and whether or not the aneurysm has ruptured, help medical doctors make a
68 decision on each individual treatment [20-22].

69  1.1.4.1 Surgical clipping

70 The procedure of surgical clipping requires the surgeon to perform open-head surgery,
71 during which the blood supply to the aneurysm will be blocked by putting a metal clip

72 at the base of the aneurysm (see Figure 1-2(a) [23]). Surgical clipping is a more
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Figure 1-2 Treatments of IAs: (a) surgical clipping (b) coiling (c) coiling with assistant stent (d) FD

stent [23]

established method for treating aneurysms, but it requires the neurosurgeons to be
adequately experienced with precision and deep understanding of the structure of the

brain, as otherwise may increase the complexities and risks of the procedure [24].

1.1.4.2 Endovascular treatments

Procedures using endovascular devices constitute a more recent method for the
treatment of IAs. Treatment with endovascular devices, such as coils and flow-
diverting (FD) stents, has been found to produce good clinical outcomes as a minimal-

invasive method [25,26].

The procedure of endovascular coiling is performed by sending a catheter to the
aneurysm through an artery, and then releasing platinum coils into the aneurysm to
block the blood flow from entering it, thereby promoting aneurysmal thrombosis [27]
(see Figure 1-2(b) [23]). For wide-neck aneurysms, a stent could be placed in the artery,
across the aneurysm neck, supporting the coils inside the aneurysm (see Figure 1-2(c)).
However, it also has risks of thrombosis and stenosis, and the recurrence rate can be

higher especially for the coil treatment with wide-neck aneurysms [28].

A breakthrough treatment for complex aneurysms, for example the wide-neck
aneurysm, the fusiform aneurysm, and the bifurcation aneurysm, has been developed,
which is the FD stent. It offers these patients a successful alternative (> 90 %) to the

previous treatment strategies [29].
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Figure 1-3 Representatives of commercially available FD stents on the market [30-32]

92 A FD stent is a tubular metal mesh to be deployed in the parent artery across the
93 aneurysm neck, to divert blood flow away from entering the aneurysm sac [26] (see
94 Figure 1-2(d) [23]). Several brands of FD stent are currently available on the market
95 (see Figure 1-3 [30-32]), i.e. Pipeline Embolization Device (PED; EV3-MT, Irvine, USA)
96 [30,33], Silk FD stent (Balt, Montmorency, France) [32,34], Surpass (Stryker, Fremont,
97 USA), and Flow Redirection Endoluminal Device (FRED; Microvention, Tustin, USA)

98 [31]; these FD stents have different structures, varying in wire number, wire thickness,
99 number of wire layers, braiding angle, and porosity (metal-free to total area) [26],
100 thereby resulting in different flow-diversion effect.

100 1.2 Haemodynamics

102 Haemodynamics refers to the dynamics of blood flow, which depends on the physical
103 laws that determine the blood flow in the vessels. Haemodynamic conditions

104 continuously vary with respect to the environment and conditions in the human body.
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1.2.1 The Study of Blood Flow

1.2.1.1 Blood and its Properties

Blood comprises plasma, red blood cells, white blood cells, and platelets. Due to
different components in the blood, their continuous interaction between each other

make the blood act more like a non-Newtonian fluid [35,36].

Blood plasma behaves like a Newtonian fluid [37]. At temperature of 37 'C, the typical
value of viscosity is 1.4 mPa-s [38], and it varies with temperature changes. The density

of blood plasma is around 1050 kg/m? [39].

1.2.1.2 Cardiac Flow Rate

The pumping heart with rhythmic contraction and relaxation provides the original
power that drives the blood running through the entire circulatory system. The
volumes of blood within a unit time, also known as the blood flow rate, pumped out

from the heart and returning to the heart are supposed to be approximately equal.
1.2.1.3 Pressure in Circulatory System

The blood pressure in the circulatory system is created by the heartbeat which also
generates pulsatile blood flow. The pressure periodically varies between the maximal

value and the minimal value — the systolic pressure and the diastolic pressure [40].

1.2.1.4 Velocity

The velocity of blood in different blood vessels is mainly associated with the total
cross-sectional area of the corresponding level in the circulatory system that each
vessel belongs to. The velocity is expressed as the blood flow rate in the given vessel

divided by the local cross-sectional area.

The blood flow in cerebral vascular belongs to laminar flow in normal conditions [41],
so that the velocity in the centre of the vessel is largest while close to the vessel wall is

the smallest value. Mean velocity within the cross section is often measured [42].
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1.2.1.5 Shear Stress

When blood is running along a blood vessel that forms a solid boundary, a shear stress
will occur. The blood velocity at the vessel wall is dictated to be zero due to the no-slip
boundary condition [43]. For Newtonian fluids under laminar conditions, the shear
stress is proportional to the flow velocity gradient adjacent to the wall. According to
the simple Hagen—Poiseuille equation, the shear stress is directly proportional to the

blood flow rate, while inversely proportional to the diameter of the blood vessel [44,45].

1.2.2 Haemodynamic Parameters and Blood Vascular Disorders

Many studies indicate the relationship between haemodynamic information and local
vascular disorders [6,7,46-50], like IAs and stenosis. Haemodynamic information is
believed to be one of the most crucial factors affecting the initiation, development,
growth, and rupture of IAs [47,50-53]. Therefore, the simulation of local aneurysmal
haemodynamics should be carried out with adequate accuracy, as it helps to imply the
aneurysm status. Moreover, the post-treatment aneurysmal haemodynamic
information can also be useful information in the evaluation of aneurysm healing

progress, as well as in the assessment of device treatment effects.

1.3 Literature Review

1.3.1 Implications of Haemodynamics on Intracranial Vascular Disorders

and their Treatment

Many studies have shown the association between haemodynamic information and
vascular disorders [54-57]. Especially saccular intracranial aneurysms that generally
occur at arterial curves and bifurcations in the circle of Willis, show strong implications
of a critical role for haemodynamics in such vascular geometry [6]. The haemodynamic
index known as the gradient oscillatory number (GON) has been found to be closely
associated with the generation of aneurysms [51]. Low wall shear stress (WSS) on the
aneurysm wall is reported as a potential risk factor in aneurysm rupture, by the
comparison of haemodynamic parameters between unruptured and ruptured IAs [47].
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In contrast, reduction of inflow jet, energy loss (EL), volume flow rate, and WSS are
found to be favourable haemodynamic parameters that indicate successful IA
treatments [58-62]. The treatment of IAs with FD stents pursues a fast aneurysm
occlusion, which is regarded as a sign of successful treatment. The occlusion time can
be predicted by post-treatment aneurysmal haemodynamics; lower velocity, inflow

rate, and shear rate are reported to be associated with a fast aneurysm occlusion [63].

1.3.2 Impact of Morphology Difference on Haemodynamic Information

Many studies have indicated that aneurysmal morphological differences might lead to
haemodynamic variations [64,65]. Aneurysm morphologies of different aspect ratio
(AR) are found to have different haemodynamic parameters, like inflow rate, time-
averaged WSS, relative residence time (RRT), and oscillatory shear index (OSI) [66].
Investigation have shown that aneurysm AR, together with size ratio, are correlated
to the EL when the flow running across the aneurysm. EL is a parameter believed to
be able to reveal the potential tendency of aneurysm rupture, and increasing EL

indicates higher risk of aneurysm rupture compared to decreasing EL [50,59,67,68].

Besides the aneurysm morphology, the position of an aneurysm and the parent vessel
geometry can also influence the intra-aneurysmal haemodynamics; the presence of
stenosis upstream of an aneurysm may lead to increased WSS on the aneurysm surface
[69]. Aneurysmal haemodynamics are also found to be noticeably affected by different
morphological combinations of aneurysm and parent artery curvatures, along with the
aneurysm located at different positions [70]. By comparing the simulated flow in
aneurysms respectively located at straight vessels and curved vessels, the flow
patterns are confirmed to follow fundamentally different haemodynamics rules —

shear-driven versus inertia-driven flow patterns [6].

1.3.3 Haemodynamic Studies

Studies using different methods to study the vascular haemodynamcis have been
performed in the past. Raschi et al. studied the haemodynamic information in a
growing patient-specific intracranial aneurysm by comparing the particle imaging

velocimetry (PIV) and computational fluid dynamics (CFD) results [71]. Van Ooij et al.
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studied the flow pattern in a patient-specific aneurysm with CFD, PIV, and phase-
contrast magnetic resonance imaging (PCMRI) [72-75]. Bouillit et al. observed the flow
pattern and velocity reduction in an idealised sidewall aneurysm before and after three
commercial FD stent deployments, using both PIV and CFD [76-78]. With these
research studies showing the agreement and disagreement between various methods,
the comparison of aneurysmal flows with modifications resulting from FD stent

interventions, for patient-specific IAs, have rarely been taken into consideration.

1.3.4 Modelling of FD Stents in Haemodynamic Simulation

Many simulations of FD stent treatment use porous medium (PM) method, as it can
markedly improve the computational efficiency. In contrast to modelling the FD stent
with fine meshes, which requires a high-resolution spatial discretisation around the
stent’s thin wires, PM-FD models mimic the resistance effect of an FD stent with
parameters that characterise a PM, such as permeability (k) and inertial resistance
factor (C2) [79-82]. A number of studies have been performed to understand the
correlation between the PM-FD stent and the fine-mesh FD stent model [58,79,80,83—
87]. To obtain the PM model parameters that would be similar to an FD, Augsburger
et al. created a FD test model, which had a geometry similar to the commercially
available Silk FD stent, and derived k and C: values for the test model’s PM analogue.
Simulation of FD treatment results, using a PM model with Silk properties, also shown

tendencies consistent with clinical results after treatment with Silk stent [58].

1.4 Research Objectives

Studies of haemodynamic simulation contribute to the understanding of aneurysmal
flow dynamics and FD stent treatment efficacy. However, many of studies to date lack
clarification and justification of the validity of simulation results, and, furthermore,
published simulation studies remain inconclusive for PM modelling in the

investigation of flow-diversion efficacy.

1.4.1 Shortcomings of Current Aneurysm Haemodynamic Studies

Further contributions can be made to the following aspects:

Chapter 1 — Introduction
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First, the accuracy of simulation results would be drastically compromised when the
simulation was not performed following a rigorous protocol or lacked discussion of
validity (e.g. the precision of model geometry reconstruction, the reasonableness of
parameter settings, the consistency in the recurrence of circulation environment, etc.).
Despite the fact that hundreds of IA simulation studies with/without FD stents have
been published, few of them have sought to clarify their results’ validity, via
comparison with the real fluid environment in vivo or in vitro. Those accuracy-related
discussions become particularly crucial, and cannot be avoided in the haemodynamic

studies of any “patient-specific’ cases.

In addition, for most simulations in which a model FD stent is needed, there was a
failure to calibrate the model FD stent’s properties to match the stent that was
represented, due to the neglect of the diversity in possible FD stent structures. Among
different types of model FD stents, the PM model is one of the most commonly adopted
models, as it can save computational time, as well as relieve the burden of performing
a virtual stent deployment simulation. However, many simulations using a PM model
failed to consider the drastic consequences resulting from different stent wire
configurations. Instead, the only parameter setting used in their studies were a set of
parameters derived from a Silk stent many years ago by Augsburger, et al. [79]. As
these model FD stents ignored the importance of calibrating the parameter settings to
the match the represented FD stents, the simulation of flow-diversion effects could not

provide accurate predictions.

1.4.2 Objectives of this Thesis

In this thesis I seek to examine the accuracy and variation of parameters in
haemodynamic simulations for an aneurysm and its flow-diversion treatment. To meet

this need, efforts have been made in the following aspects:

(1) studies to explore the accuracy of CFD predictions of aneurysmal haemodynamics
within a set of patient-specific cases, before and after FD treatment, by comparing to

experimental methods (i.e. PIV, PCMR]I, efc.);

(2) parametric studies to calibrate the PM model FD stents to different treatment modes

using commercially available devices (i.e. the single Silk+, PED, FRED, as well as

Chapter 1 — Introduction
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several multiple stent deployment scenarios), thereby quantifying the sensitivity of the

flow-diversion efficacy to the stent configurations.

With these studies, I expect to discover the simulation parameters and morphologic

characteristics that may affect the credibility of aneurysm haemodynamic simulations,

and, furthermore, provide future model FD studies a set of parameters after calibration

to a variety of treatment modes.

1.5 Thesis Contents

The contents of this thesis are outlined as follows:

Chapter 1: an introduction of this study’s background, a literature review of the

relevant publications, and a proposal of research objectives of this thesis;

Chapter 2: introductions of the materials and methods to be applied in the

following chapters;

Chapter 3: an accuracy assessment of CFD simulations by comparing the
aneurysmal haemodynamic results obtained with experimental methods (PIV

and PCMRI), using a patient-specific aneurysm model;

Chapter 4: an accuracy assessment of CFD simulations by comparing aneurysmal
haemodynamic results obtained with PIV experiments, before and after FD stent
treatment of a patient-specific aneurysm model; further, this chapter also

involves the validation of a PM stent modelling;

Chapter 5: an investigation of the impact on aneurysmal haemodynamics of
variation of PM model thickness, when the PM permeation parameters are

compensated to represent the same resistance;

Chapter 6: a calibration of PM stent models to match various commercially

available FD stents for the study of flow-diversion efficacies;

Chapter 7: a conclusion of this study and the outlook beyond the content in this

thesis.
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2.1 Modelling of Aneurysm Geometries

2.1.1 Idealised Aneurysm Geometries

Idealised models are usually established in studies of aneurysmal fluid flows to focus
on the investigation of fluid variations that result from a specific morphological feature,
as the idealised model can be designed to represent a vascular disorder from a
comprehensive perspective, concerning different morphological scenarios of

combination with its parent artery and at different severities of the disease [70,88,89].

For observation of the treatment efficacy of FD stent models with different wire
structures, using idealised aneurysm models can eliminate undesired morphological
factors that may have impact on the flow-diversion effect, thereby providing a simple

fluid environment to achieve a pure evaluation of the stent wire structures [90,91].

Idealised aneurysm geometries can be created with computer-aided design (CAD)
software tools. In this thesis, idealised models constructed using a commercial CAD
tool, Pro/ENGINEER (Wildfire 5.0, PTC, USA), were employed in two scenarios. One
is a saccular aneurysm with an upstream stenosis at different locations and severities
(refer to Section 2.4 and Appendix I for detailed information), while the other is a
straight tube with various FD stents placed in it (refer to Section 6.2.3 for detailed

information).

2.1.2 Realistic Aneurysm Geometries

2.1.2.1 Data acquisition

Realistic aneurysms, also known as patient-specific aneurysms, can be detected by
medical imaging techniques, like digital subtraction angiography (DSA), computer
tomography angiography (CTA), and magnetic resonance angiography (MRA). The
shape of the patient-specific aneurysm scanned by these approaches is usually stored
as a series of slice-by-slice two-dimensional (2D) images in the digital imaging and
communications in medicine (DICOM) format, which can then be reconstructed into
three-dimensional (3D) geometries using either commercial or open-source image
processing packages, e.g. OsiriX (Pixmeo SARL, Switzerland), MIMICS (Materialise,

Chapter 2 — Materials and Methods
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Belgium) and a vascular modelling toolkit (VMTK, http://www.vmtk.org/). This
process involves image segmentation and 3D reconstruction, during which 2D
contours showing the cross-section shapes represented by the pixel greyscales are first
generated and then reconstructed into a 3D geometry based upon a contour
interpolation strategy. Three patient-specific aneurysms were employed in this thesis

(refer to Section 3.2.1, 4.2.1, 5.2.1, and 6.2.1 for detailed information).

2.1.2.2 In silico aneurysm model

Based on the slice-by-slice scans from clinical data, image segmentation and 3D
reconstruction will be performed to obtain an in silico aneurysm model, using a
combination of several computer software tools. The reconstructed geometry can then
be stored as a surface model in STL format, which was assumed to have the same
morphology as the patient-specific aneurysm measured obtained from medical

imaging techniques.

To be further employed in numerical simulation, this 3D virtual model needs to be
prepared as a computational model for fluid calculation, which is the meshing process.
The entire fluid zone would be discretised into numerous tiny elements (tetrahedron,
hexahedron, pyramid, polyhedron, efc.), through which the calculation of fluid

properties can be transmitted between inlets and outlets.

2.1.2.3 In vitro aneurysm phantom

To meet the requirements for a physical experiment intended to study the fluid flow
movements in aneurysms, an in vitro model should be created based on the 3D virtual
models. In this thesis, patient-specific aneurysms were cast into silicone block models
(refer to Section 3.2.1.1 and 4.2.1 for detailed information) with their aneurysm moulds

obtained by using a 3D printing technique.

During the process of in vitro model manufacture, unexpected errors would usually
happen due to the limitation in 3D printing resolution. To maintain fine similarity
between computational model and physical model, a microscopic computed
tomography (microCT) scan can be adopted to precisely capture the morphology of
the physical model, which could later assist the reconstruction of a 3D geometry that

has the same morphological details as the physical model.
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To implement the microCT scanning, key procedures included: (1) the emitted X-rays
tirst travelled through the model and were then recorded by a detector; (2) an X-ray
projection image was then generated according to the X-rays transmitted to the
detector; (3) a series of projection images was generated while the silicone phantom
was rotating around; (4) the projection images were then processed into a series of 2D
reconstructed images, which were known as the model cross sections, showing the
internal structures of the scanned plane, and those images were stored in DICOM

format (refer to Section 3.2.1.2 for detailed information).

2.2 Modelling of Flow-Diverting Stents

Three approaches of FD stent modelling that are suitable to be selected to meet
different research purposes are introduced here, which are idealised FD stent model,

porous medium (PM) stent model, and virtual stent deployment (VSD).

2.2.1 |dealised FD Stent Model

An idealised FD stent model is commonly used in the investigation of flow-diversion
efficacy with different wire structures and the optimisation of existing wire structures.
The model can be designed as a fully-resolved wire mesh in flat or curved planes [90],
or a fully-resolved tubular wire mesh [91], with stent structures of various wire
diameter, wire numbers, wire shape, layer of wire, efc., thereby resulting in different

porosities and pore densities.

Based on the features of several commonly used commercial FD stents on the market,
idealised tubular FD stent models are created in this thesis to obtain the flow resistance

created by each of them (refer to Section 6.2.2 for detailed information).

2.2.2 Porous Medium (PM) Stent Model

When a FD stent is modelled as a PM model, the entire stent model is regarded as
whole body, without fully-resolved individual wires. This modelling approach can
markedly improve the computational efficiency, as it avoids the difficulties that may

arise in the process of fluid zone discretisation around thin wires, thereby releasing the
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burden on the flow calculation. In contrast to modelling the FD stent with fully-
resolved fine meshes, PM models mimic the resistance effect of an FD stent with
adjustment of parameters that characterise a PM. PM stent models were employed in

Chapter 4, 5, and 6 in this thesis.

2.2.2.1 Porous medium and its properties

A porous medium (PM), also known as a porous material, is a kind of material that
contains pores. The skeletal material of a PM is often a solid material in the structure
of a frame or a matrix, while the pores inside the skeletor are commonly filled with a

fluid.

Many properties can specifically characterise a PM, like its permeability (k), tensile
strength, and electrical conductivity, but these may different for the respective
constituents of a PM and its porosity and pore structures. The continuity of pores
between the solid frame also varies in each PM; however, how much of the pore spaces
can access the flow running through the PM is determined by the effective porosity

excluding those closed pores.

To resolve the fluid flow through a PM, problems should respectively be discussed
under different scales [92,93]. At the micro-scale, also known as the pore-scale, the fluid
moves through only a few small pores—the fluid-filled spaces— and is resolved using
conventional fluid mechanics approaches. However, at the macro-scale, which
considers a wider field including a large number of pores, the conventional fluid
mechanics approach can no longer be applied to such sophisticated flow movement,
especially for the complex spatial resolution of the PM structure [94]. Therefore, over
a representative elementary volume, a volume-averaging method is adopted to
convert the micro-scale properties into macro-scale properties, like the intrinsic

permeability (k), to describe the characteristic of the PM [93,94].

In the macro-scale, the intrinsic k determines the capability of a PM to transmit fluid.
The k, together with the density and the viscosity of the fluid, influences the hydraulic
conductivity of a PM for a single-phase flow. As a second-order tensor with nine

components, as shown below, k represents permeabilities in different directions [94].
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kyxx kxy ky,
k=|kyx Ky ky,| m? (2-1)
kx kzy kz,

The only factor to determine the intrinsic k is the structure of the PM; depends on
whether the PM frame is isotropic or anisotropic, the k in different directions can be

either same or not.

2.2.2.2 Laws for fluid flowing through a PM

Due to the different properties of each PM, as well as specific properties of the fluid, a
flow across the PM varies in both the behaviour when flowing through the PM and the

amount of fluid that can pass through the PM.

The fluid flowing through the PM in macro-scale follows the momentum balance
equations. Darcy’s law and the Darcy—-Forchheimer law, both obtained experimentally,
can be used to respectively describe the flow through a PM in low or high velocity

[92,93,95-98].

Darcy’s law describes the proportional relationship between the discharge rate of a
single-phase fluid through a PM, the pressure change across the certain distance, and

the viscosity of the fluid, as shown in the equation below.

_ _ kA(p-pa) _
Q - UL ) (2 2)

where Q is the total discharged volume of fluid per time (m3/s), k is the intrinsic
permeability (m?), A is the cross-sectional area (m?), pa and pv are the pressure at each
position (Pa), u is the fluid viscosity (Pa * s), and L is the length of the distance between

two positions where the pressures are measured (m).

Therefore, the discharge per unit area per time can be deduced as:
k
q=—-2vp, (2-3)

where ¢ is the Darcy flux (m/s), and Vp is the vector of pressure gradient (Pa/m).

According the equation, Darcy’s law explains some features of fluid flowing through
the PM: 1) it is the pressure gradient over a distance that governs the flow across a PM;

2) the flow moves from high pressure to low pressure areas; 3) higher pressure
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difference leads to higher discharge rate; 4) the discharge rate varies with respect to

different structures of PM.

However, Darcy’s law only applies to slow flow. Experimental observations indicate
the validity of Darcy’s law for flow with Reynolds number (Re) less than 10. For flow
in PM with Re larger than 10, the enhanced influence on flow of inertial effects can
become crucial. Therefore, as an additional form of Darcy’s law, the Forchheimer law,
as shown in the equation below, including an inertial term added to the original
equation, is capable to account for the non-linear phenomenon of the pressure change

under different fluid discharge rate [94,99].

The coefficient for the Forchheimer term is strongly dependent on the regime of the
flow. As the discharge rate of fluid increases, the coefficient needs to be calibrated to

reflect the experimental observations of the inertial effects [94].

2.2.2.3 PM model FD stent in numerical simulation

In numerical simulation of the fluid dynamics, a FD stent can be modelled as a PM
layer, as both of them have the same feature of creating a resistance to the flow, and
allow only a portion of the fluid to flow through. The PM layer can be modelled by
adding a momentum source term to the continuity and Navier-Stokes equations, as
shown in the equation below, at specific elements in the volumetric mesh of the fluid

zone [79,81].
1
Si=-— (%vi + C, 5P|U|Ui)' (2-4)

where k is isotropic permeability, C, is inertial resistance coefficient, i stands for the

coordinate x, y, or z, v is velocity, u is viscosity, and p is density.

The pressure drop, which reflects the resistance to the flow through the PM, can is

calculated as
Api = _Si Ael-, (2-5)

where Ap; is the pressure drop across the PM, and Ae is the thickness of the porous

medium.
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4 4 4
A A
"ol M

Virtual Stent Deployment for the 'Successful'

Figure 2-1 FD stent deployment process of a successfully-treated aneurysm case. (From top-left to
bottom-right: stent vertices fully crimped to fully expanded) [101]

Therefore, for a PM model FD stent with a given thickness, the k and Cz parameters

can be respectively derived and defined to create certain flow resistance.

2.2.3 Virtual Stent Deployment (VSD)

To simulate the actual FD stent deployment procedure, a FD stent model with fully-
resolved wire structures can be generated using different virtual stent deployment
(VSD) methods [100-104]. VSD of commercially available FD stents can be performed
to mimic the stent structures in a patient-specific aneurysm artery, from the initially

crimped condition to the expanded status within the parent artery (see Figure 2-1 [101]).

2.3 Fluid Flow Studies

2.3.1 Computational Fluid Dynamics (CFD)

Computational fluid dynamics (CFD), based on the Navier-Stokes equations, is a

combination of the use of applied mathematics, physics, numerical analysis and data
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structures in computational methods, in order to solve problems in fluid mechanics. In
the biomedical engineering field, CFD calculation is commonly used to clarify the local
haemodynamics in human blood vessels [105,106]. With the scanned data from clinical
imaging techniques, a realistic 3D model of the human vascular system can be
reconstructed. Thus, the fluid behaviour in such vascular systems can be resolved
using CFD while the assumption of blood-analogue-fluid is adopted, as well as the

boundary conditions to be specified as for the realistic blood flow environment.

The process of this numerical analysis of fluid flow involves the representation of
partial differential equations (PDE) in the form of discrete algebraic equations. Three
popular discretisation methods in CFD are respectively finite volume method (FVM),
finite element method (FEM), and finite difference method (FDM). In the FVM, volume
integrals in a PDE that contain a divergence term are converted to surface integrals,
using the divergence theorem (also known as Gauss’s theorem). These divergence
terms are then evaluated as fluxes at the surfaces of each finite volume. These methods
are conservative, as the flux entering a given volume is identical to that leaving the

adjacent volume.

The FVM is often applied to the simulation of high-Re turbulent flows and source term
dominated flows, as it requires less computer memory and shorter simulation time
compared to FEM. While the approach of FEM is often used in structural analysis of
solids or fluids, FVM offers great supports for unstructured meshes, which suits the

description of patient-specific arterial flows [107].

CFD simulation software tool Ansys (Canonsburg, USA) is based on FVM, in which
the discretised fluid domain is to be solved with Navier-Stokes equations which
describes the conservation of fluid mass, momentum, and energy. The general form of

the steady state Navier-Stokes equation is

pu; 2 = a”+iu<%+%)]+si, (2-6)

]ax]' _6_xl ax]' ax]' axi

where p represents the density, P is the static pressure, u; and u; are velocity

components and u is the dynamic viscosity. S; is the source term of the momentum
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equation, which can be used to account for the pressure drop through a certain kind of

material.

CFD simulations were employed in Chapter 3, 4, 5, and 6 in this thesis.

2.3.2 Particle Image Velocimetry (PIV)

Particle imaging velocimetry (PIV) is non-intrusive optical method used to investigate
the instantaneous velocity vector field of the fluid flows. By analysing the
displacement of a great number of particles in the fluid that precisely trace the flow,
the flow movement can be accurately resolved [108]. The basic components in a
standard planar PIV system include a laser source, the light-sheet-forming optics, the
seeding particles for tracing the fluid movement, a high-speed still camera to capture
images of the particles, the image digitisation hardware, and a computer for the storage

and analysis of data.

PIV has advantages in many aspects. As a non-intrusive method, if the seeding
particles are reasonably adopted and added in to the fluid, the distortion of the fluid
flow can be negligible [109]. Moreover, the use of optical measurement eliminates the
error that may induced by any intrusive flow measurement devices. In addition, with
adequate resolution of the camera, precise analysis of the velocity vector field can be
achieved. However, planar PIV is not capable of measuring the velocity components
in the z axis. The velocity in such direction is normally not only missed, they may
influence the analysis of data in x and y axis due to parallax. This limitation is possible
to be avoided by performing stereoscopic PIV measurement, which requires two high-

speed cameras tracing the particle movement from different angles.

PIV experiments were employed in Chapter 3 and 4 in this thesis.

2.3.3 Phase-Contrast Magnetic Resonance Imaging (PCMRI)

Magnetic resonance imaging (MRI) is a non-invasive imaging method commonly used
in clinics that produces detailed 3D images of human anatomical information, without
the use of damaging radiation. It is often used in the detection and diagnosis of

diseases, as well as in post-treatment monitoring. This method is based on technology
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that stimulates and detects the changes in the direction of protons, which are found in

the water compositions in the human body.

Phase-contrast MRI (PCMRI) is a method to obtain quantitative information on blood
flow in the human body, which can be operated both under holding breath or during
normal respiration [110]. In PCMRI, a pair of bipolar gradients is used, which is able
to create phase shifts of moving spins. By measuring the phase change, velocity of flow
can be calculated, based on the proportional correlation between the spin velocities
and their phase shifts. Therefore, with PCMRI, the 3D or 4D (plus time, for the time-
resolved PCMRI) velocity vector field of blood flows in the human body can be

measured [111].

The most precise measurement of flow can be achieved when the target plane of
imaging is perpendicular to the vessel of interest, while the flow encoding is set as the
flow across the plane. However, due to technique limitations, some errors are difficult
to avoid in PCMRI: for example, incorrectly matched encoding velocity, inadequate

temporal and spatial resolution, and errors in phase offset [110].

PCMRI measurements were employed in Chapter 3 in this thesis.

2.4 An Application of CFD Simulation of Flows in Idealised

Aneurysm Models

CFD simulations were employed in every study in this thesis. A preliminary
simulation was first performed with an idealised aneurysm located in parent artery
with complicated morphologies. Through this test, basic methodologies for CFD
simulation were confirmed, while the impact on aneurysmal flow pattern affected by

morphological factors were also observed.

2.4.1 Introduction

The purpose of this application was to investigate the impact of upstream stenosis
morphology on aneurysmal haemodynamics, by performing CFD simulations with

idealised straight-vessel and curved-vessel aneurysm models. Specific attention is paid
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to different severity of stenosis, various distance between stenosis and aneurysm, and
curvatures of the parent arteries. Results of the straight-vessel models are shown

herein (details about the curved-vessel models can be found in Appendix I).

2.4.2 Materials and Methods

2.4.2.1 Modelling

Idealised models were created using CAD software (Pro/ENGINEER Wildfire 4.0, PTC,
USA). Morphological parameters for straight vessels with stenosis and an aneurysm
[112] are as follows. The length of the vessel is 140 mm, which assures enough space
for the flow to be fully developed from the inlet. The aneurysm, with a diameter of 8
mm, is located at the centre of the vessel. Positions of the stenosis vary between
distances of 1 mm, 10 mm, and 30 mm to the aneurysm. The diameter of the parent
artery is 4 mm and the diameter of stenosis area varies with respect to the level of

stenosis, as shown in Figure 2-2.
The degree of stenosis is calculated by the equation below:
Stenosis Ratio = (D1 — D2)/D1 x 100%, (2-7)

where D1 is the normal parent artery diameter and D2 is the minimal diameter at the
stenosis—the narrowest position [113]. A variety of degrees of stenosis were studied

to represent mild stenosis (30%) and moderate stenosis (50%) [113].

2.4.2.2 Meshing

Since mesh quality is a critical to the simulation accuracy, the meshes for all cases were

generated under the same protocol. The entire fluid zone was discretised into

Stentosis: 30 % and 50 %

Aneurysm

Parent Artery % Outlet

e

Inlet

’lane A ‘
Distance: 1 mm, 10 mm, and 30 mm

Figure 2-2 Sketch of geometry with stenosis and aneurysm in a straight vessel
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tetrahedral elements, with three prism boundary layers. The maximal element size was
defined as the smallest vessel diameter (D:) divided by ten, in order to ensure that the
fluid zone was discretised into at least ten elements for even the narrowest cross-
section. The entire fluid domain was discretised into about one to two million elements
across different cases. A mesh dependency test was performed to ensure the

simulation accuracy.

2.4.2.3 Fluid Simulation

Assumptions of Newtonian, incompressible fluid and laminar flow were determined
for the fluid, with the density specified as 1050 kg/m?® and the viscosity specified as
0.0035 Pa-s. A steady condition was applied for all simulations. Average velocity of 0.2
m/s was specified at the model inlet with a Re of 240, within the range of Re in
intracranial arteries (from 110 to 850). With this setting, the simulation was in good
consistency with the assumption of laminar flow in every grid within the fluid zone.
A pressure boundary condition of 0 Pa was defined at the outlet. Stationary and no-
slip conditions were set on the model walls. The calculation was performed using a

commercial solver (Ansys Fluent, USA) based on FVM method.
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2.4.3 Results

2.4.3.1 Flow pattern

Figure 2-3 displays the recirculation after different degrees of stenosis. The
reattachment length was observed from the velocity vector plot on the centre plane
along the axial direction (see Figure 2-3(a)). As the degree of stenosis increases, the
reattachment occurs at the wall at an increasing axial distance from the stenosis. 3D

streamlines were also examined which showed an identical trend to the reattaching
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Figure 2-3 Reattachment point and recirculation of models with stenosis of different degrees (the
direction of main flow is from left to right)
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flow in the velocity vector plot (see Figure 2-3(b)). Figure 2-4 shows the aneurysmal

flow pattern disrupted by the existence of the flow recirculation.
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Figure 2-4 Flow pattern for aneurysms with pre-aneurysmal stenosis in different positions
and stenosis levels: (a) velocity vector on centre plane (b) streamlines
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Figure 2-5 Intra-aneurysmal pressure (average value) change in straight vessel models (The label
below each bar represents the characterised model, i.e. ‘30 % 1 mm’ means model with 30%
stenosis while the distance between stenosis and aneurysm is 1 mm.)

2.4.3.2 Pressure

Figure 2-5 shows the variation in pressure between aneurysm and Plane A (see Figure
2-2). For the same severity of stenosis, the pressure drop remains in a constant range
of magnitude, while increased degree of the stenosis is observed to account for a
greater pressure drop. When the severity of stenosis is 30 %, the aneurysmal pressure
drop, which is calculated by the change between the average pressure of aneurysm
and Plane A, is around 118 Pa. When the degree of stenosis increases to 50 %, the
aneurysmal pressure drop rises to 426 Pa, indicating the pressure drop increased as
much as 308 Pa resulting from a more severe stenosis. From the results, it demonstrated
that the existence of stenosis has certainly influenced the aneurysmal pressure, mainly

depending on the severity of the stenosis

2.4.4 Conclusion

This study implemented the simulation of idealised models with a certain shape and
size of aneurysm on straight vessels with different degree of stenosis on various
positions. Results indicate that the existence of stenosis and the consequent
reattachment flow lead to various aneurysmal flow patterns, depending on
morphological factors like the degree of stenosis and its distance to the downstream

aneurysm.
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3.1 Introduction

3.1.1 Background

Haemodynamics is considered to be a crucial factor affecting the initiation, growth and
rupture of an intracranial aneurysm [114-116], therefore a number of methods are
developed to investigate haemodynamic parameters for the estimation of aneurysm

condition as well as the formation and treatment of this disease.

There are several commonly adopted methods: (1) particle image velocimetry (PIV),
which is an optical method to visualise the flow movement in in vitro models [117,118];
(2) computational fluid dynamics (CFD), which is a numerical method to analyse
problems with the involvement of fluid flows in virtual models [120]; (3) phase-
contrast magnetic resonance imaging (PCMRI), which is a specific type of the medical
imaging technique to primarily determine the vector field of flow velocities in the 3D
fluid zone at different time frames [121,122]; this approach can be used in both in vivo

and in vitro measurements.

3.1.2 Current Issue

Each method has its own advantages and limitations. Flow patterns in the same
geometry obtained from PIV, CFD and PCMRI have rarely been compared, especially
for complex flow behaviours that may occur in patient-specific aneurysms. However,
this knowledge would be important to achieve an accurate analysis of the fluid flows,
which is the foundation for further studies about aneurysmal haemodynamics with

more advanced purposes.

3.1.3 Purpose

The purpose of this research is to compare the aneurysmal velocity vector field
obtained from three different methods: PIV, CFD, and PCMRI. Through the
agreements and disagreements in 2D velocity vector plane, 3D velocity streamlines,
and quantitative velocity comparisons, this study aims to understand the power of

each method to analyse the aneurysmal fluid flows.
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3.2 Materials and Methods

3.2.1 Aneurysm Model

3.2.1.1 In vitro silicone phantom

This study was approved by the institutional review boards of Nagoya University and
Iwata City Hospital in Japan (Ref 2010-1062-3), and the patient data was anonymised.
A realistic aneurysm model was used in this research, which is a right basilar artery-
superior cerebellar artery aneurysm of a 70-years-old female patient. The aneurysm
was located at the bifurcation of basilar artery (BA), right posterior cerebral artery
(RPCA), and left posterior cerebral artery (LPCA). The aneurysm was scanned on a 3T
MR imaging scanner (Signa HDx 3T, GE) by using a 8-channel neurovascular array
coil. 3D time-of-flight (TOF) MRA was performed with a scan resolution of 0.37x1.0x0.5
mm (0.37x0.37x0.5 with zero fill interpolation). Imaging parameters were set as

following: TR/TE, 26.0/3.1 ms; flip angle, 20°; acquisition time, 5 minutes 39 seconds.

With the scanned data, an original stereolithography (STL) file of the blood vessel with
aneurysm was reconstructed using commercial medical image processing software
(OsiriX V5.8.1). With the original STL file, an in vitro model was manufactured by
casting the aneurysm and its parent arteries into a silicone block model (R"Tech, Japan),
as shown in Figure 3-1. Plane A located around the aneurysm neck was selected as the

measurement plane to compare the haemodynamic results between PIV, CFD, and

PCMRL

. -

{ L )
Figure 3-1 Silicone phantom of the patient-specific aneurysm: (a) back view (b) front view (c)
silicone block
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661  3.2.1.2 Reconstructed three-dimensional virtual model

662 Considering the morphological discrepancies that might be incurred during the

663 fabrication process of the silicone model using 3D printing technique, the silicone
664 model was scanned by a microCT scanner (ScanXmate-D180RSS270, Comscantec), as
665 shown in Figure 3-2(a). While the silicone model was rotating around in the machine,
666 a series of projection images were generated and then processed into a series of 2D
667 cross-section images showing the internal structure of the silicone model at different
668 heights, as shown in Figure 3-2(b). These cross-sectional images were stored as DICOM
669 format for further processing. In order to capture the detailed morphological

(b)

Figure 3-2 MicroCT scan: (a) scanning (b) two dimensional DICOM data

Figure 3-3 Reconstructed three-dimensional aneurysm model

Chapter 3 — Haemodynamics in a Patient-Specific IA Obtained from PIV, CFD, and PCMRI
-32-



670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

Yujie Li, 2018.

characteristics, I adopted a resolution of 40 um, so that even the narrowest area of the
aneurysm model, which was approximately 1.4 mm, could be depicted by around 35

pixels.

Based on these slice-by-slice scans, image segmentation and the 3D reconstruction
were performed using a combination of several computer software tools. The quality
of all DICOM data was improved using the image-processing software Image]
(https://imagej.net). First, image contrast was enhanced for all cross-section images and
clearness of the boundaries between different media was improved; this contributed
to an accurate segmentation. Second, all cross-section images went through a noise
reducing process to modify the sudden change of brightness, as such spots might be
caused by the dust in the silicone models. With the series of improved cross-section
images, the lumen boundary was extracted and reconstructed into a 3D virtual model
in STL format using commercial medical image processing software (OsiriX MD,
Pixmeo SARL, Switzerland), as shown in Figure 3-3. After this process, the
morphology of the silicone model and the geometry used for CFD simulation were

considered to be equivalent.

3.2.2 Blood-Analogue Fluid (BAF) for PIV and PCMRI

Blood-analogue fluid (BAF) was created for the flow modelling in both PCMRI
measurement and PIV experiment. Fluid properties that may affect its haemodynamic
behaviours, like fluid density and viscosity, were specified to be as close as those of
human blood, as shown in Table 3-1. To meet the fluid measurement requirements for
each experimental approach, composition of the solution was slightly different. As an
optical method, the refraction index of the BAF used in PIV was specifically controlled
to match with the silicone model, so that the visualisation of flow movement would
not be influenced by undesired refraction. Since the BAF for PIV and PCMRI was
created separately, unavoidable differences existed in the solution properties within a

reasonable range, with 8 and 14 % difference respectively for density and viscosity.
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Table 3-1 Blood-analogue fluid in PCMRI and PIV

PCMRI PIV
Solution Aqueous Glycerol Glycerol and Aqueous
Nal
Density [g/ml] 1.1 1.2
Dynamic Viscosity [mPass] 4.03 4.73
Refractive Index ~ —emeemeeeee- 1.46
Temperature [C] 17 17

3.2.3 PIV Experimental Setup

The silicone aneurysm model was connected to a pump (NBL30PU, R'Tech, Japan)
through tubes, with BAF running into the aneurysm model from BA as inlet and
coming out from LPCA and RPCA as outlets [123]. A straight tube with 1-metre-length
was added before the inlet of the silicone block, in order to provide enough distance
for the inflow to be fully developed before entering the aneurysm [123]. Flow rate was
generated by the pump at 290 mL/min, which is close to the average flow rate of human
blood in BA. Three Coriolis flow meters (FD-SF1, Keyence Corporation, Japan) were
connected into the circulation system to monitor the inlet and outlet flow rates, while
valves were used to assist the adjustment of outlet flow rates for them to maintain the
expected difference between RPCA and LPCA as 170 and 120 mL/min respectively.
These target flow rates were obtained from clinical data. Seeding particles with the
same density as the BAF were added into the BAF at low concentration: that way the

movements of particles following the running BAF can be captured by the camera.

A high speed camera (FASTCAM SA3, Photron) with resolution of 17x17 pum was
placed in front of the silicone block to acquire images of the particle movements on the
measurement plane (plane A) illuminated by the 1 mm thick laser sheet, which was
provided by Nd: YAG laser (DPSS laser system-532NM X 300MW, Edmund Optics)
[123]. A series of 500 continuous images were imported into a PIV software application
(Davis ver8.1, LaVision) for the analysis of the velocity vector field. The resolution of
the interrogation window set in the post-processing was 64x64 pixels with 75 %

overlapping.

Chapter 3 — Haemodynamics in a Patient-Specific IA Obtained from PIV, CFD, and PCMRI
S 34 -



724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

Yujie Li, 2018.

Pum Flow i MR '

L5 -+ [Phantom]

lelrvoirnuw meter e
Flow meter MRI Room

Figure 3-4 Sketch of the experimental system for PCMRI

3.2.4 PCMRI Measurement Setup

The same circulation system as PIV experiment was established for the PCMRI
measurement, as shown in Figure 3-4, with BAF for PCMRI running at the same flow
rates. 3D cine PCMRI was performed with a resolution of 0.5x0.5x1 mm. Imaging
parameters were set as following: TR/TE, 7.8/3.88 ms; flip angle, 15°; acquisition time,

16 minutes 16 seconds.

Post-analysis of the magnetic resonance fluid dynamics (MRFD) was performed using
the commercial software (Flova, R'Tech, Japan) to obtain haemodynamics in the 3D
fluid zone. Images of the 4D-flow signal strength and the flow velocity were first
loaded into the software as DICOM data, and the blood vessel wall was generated then
based on the signal intensity of the 3D TOF MRA, using a marching-cube or region
growing method. Velocities were computed with arbitrary spatial resolution after that,
and meanwhile more haemodynamic parameters, like wall shear stress, OS], etc., were

able to be displayed.

3.2.5 CFD Simulation Settings

With the reconstructed 3D aneurysm model, the computational grid was created for
the entire fluid zone in tetrahedral and prism elements with three boundary layers
using a commercial software (ICEM CFD, ANSYS, USA). To ensure the simulation
accuracy, the quality and robustness of the computational grid was checked by
performing a mesh dependency test, which indicated that the meshing scenario with
total elements of 1.4 million was stable enough for an accurate simulation (see Figure
3-5).
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The flow was assumed to be incompressible Newtonian fluid at steady state, with a

laminar description. Boundary conditions were set to replicate the flow environment

created in both PIV and PCMR]I, as shown in Table 3-2. Blood density was specified as

1050 kg/m?, while viscosity was 0.0035 Pa-s. As silicone model has negligible elasticity,

the surface boundary condition for the computational model was set as rigid wall. The

tlow simulation was performed using a commercial solver (Fluent, Ansys, USA) with

finite volume method.

(a)

0.30 + mesh: 0.7 million
m mesh: 1.4 million
0.25 : mesh: 2.3 million
0.20 8
[}
0.15 - .}
0.10
0.05
0.00
(e Oy Uy ()
(b)

Figure 3-5 Mesh elements on the measurement plane: (a) mesh elements on a cut plane of the case
with 1.4 million mesh elements (b) velocity comparison on the cut plane for different mesh
conditions (v is the velocity magnitude, while 2., #), and #; are the velocity components in X, Y, and

Z axis, respectively)

Table 3-2 Fluid boundary conditions

PIV PCMR

I

CFD

Boundary condition

Flow rate Flow rate

Flow rate & Pressure

Inlet: BA flow rate [mL/min]
Inlet: BA pressure [Pa]

Outlet: RPCA flow rate [mL/min]
Outlet: LPCA flow rate [mL/min]

290 290
170 170
120 120
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Figure 3-6 3D planar velocity vectors (left) and the in-plane projection of vectors (right)

3.2.6 Haemodynamic Characteristics

To compare with 2D velocities obtained from PIV experiment, a variable of 2Dvelocity
was created in the post-processing of the CFD simulation (as equation 3-1 and 3-2). The
projection of velocity vector on the measurement plane (plane A) was also generated

for visualisation (see Figure 3-6).

3D velocity magnitude = \/ (v +vE +v2), (4-1)

2D velocity magnitude = [(vZ + v32). (4-2)

3.3 Results

3.3.1 Shape Comparison for Plane A: PIV, CFD and PCMRI

The location of plane A is around the aneurysm neck, as shown in Figure 3-1. Figure
3-7 shows the shapes of plane A measured by different methods, the ellipse on the left
side indicates the shape of the aneurysm neck while the polygon on the right side is
the cut plane in the outlet artery (RPCA). As can be seen from the figure, the shapes
obtained from PIV and CFD are in good agreement in terms of both the shape and size.
While the plane shape detected by PCMRI can depict the general morphology of the
aneurysm neck and the outlet cut plane, it shows less similarity to that of PIV and CFD.
Figure 3-7(c) shows an ellipse with larger size, especially in the top-right area where

the neck plane almost reaches the junction area between the aneurysm and the
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(a) (b) (©)

Figure 3-8 Shape of the target plane in different methods: (a) PIV (b) CFD (c) PCMRI
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Figure 3-7 Comparison of velocity vector field on plane A between PIV, CFD and PCMRI results
(results are from one set of measurements presented with different colours: (a) maximal velocity at
0.1 m/s (b) maximal velocity at 0.2 m/s)

774 bifurcation arteries. The ellipse on the left side was selected as the measurement plane

775 for further velocity vector field comparisons.

776  3.3.2 2D Velocity Vector Comparison: PIV, CFD and PCMRI

777 From the comparison of 2D velocity vectors on the measurement plane in Figure 3-8,

778 the velocity vector field obtained from PIV experiment and CFD simulation shows
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good agreement, in terms of both the flow pattern and velocity magnitude. A vortex
appears at the centre with flow rotating in the anti-clockwise direction, and lower
velocity is detected at the vortex centre comparing with the surrounding flow. When
the flow rotates to the top area of this plane, it separates into different directions,
forming a separation point. Velocity higher than 0.1 m/s is detected at the rotating flow
around the vortex centre from both PIV and CFD; meanwhile, low velocity is also
found at similar positions, i.e. the vortex centre, the bottom side close to the aneurysm

wall, and the flow separation area.

For the velocity vector plane obtained from PCMRI in Figure 3-8, the flow pattern in
the centre as an anti-clockwise rotation can still be captured, with higher velocity;
however, the flow pattern close to the boundary shows some discrepancies. Obviously,
compared to that of the PIV and CFD results, the position of the flow separation point
moves to the upper-middle area on the right side, which is also the position of the

dissimilarity found in the plane shape comparison.

CFD

MRI

Figure 3-9 3D streamlines in the centre of the aneurysm obtained with CFD and PCMRI
(displayed in various views)
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3.3.3 3D Streamline Comparison: CFD and PCMRI

3D velocity streamlines in the aneurysm sac were visualised with results from both
CFD and PCMRI, as shown in Figure 3-9. Although some dissimilarities exist around
the model wall, the flow pattern in the centre of the 3D fluid zone shows good
agreement between the prediction by CFD and the measurement by PCMR]I, in terms

of both the velocity magnitude and the position and direction of the vortex.

3.3.4 Quantitative Velocity Comparison: PIV, CFD and PCMRI

To further check the agreement between PIV and CFD, 2D velocity magnitude on a
horizontal line on the measurement plane across the vortex was compared, as shown
in Figure 3-10, which indicates good similarities. Besides, the maximal value and
average value of different velocity components on the measurement plane were also
compared between three methods, as shown in Figure 3-11, the velocity predicted by
CFD shows higher values than that of PIV, followed by PCMRI. Moreover, difference
between CFD and PIV ranges from 22 to 28 % for different velocity components, while
that between CFD and PCMRI indicates a larger discrepancy for 32 to 41 % across

different velocity components, as shown in Figure 3-12.
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Figure 3-10 In-plane velocity magnitude comparison between PIV and CFD. The sketch at the
top-right corner indicates the position of the line. The velocity is plotted from the left to the right
edge on the line across the vortex.
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Figure 3-12 Velocity magnitude difference between CFD and PIV or PCMRI
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3.4 Discussion

In this study, the velocity vector field in a patient-specific aneurysm model has been
studied using different methods — PIV, CFD, and PCMRI, which are commonly
adopted numerical and experimental approaches to obtain the fluid haemodynamics.
Comparisons of 2D flow patterns and 3D streamlines between these methods have
been performed, with a further quantitative check of velocity magnitude. Results with
good similarities can be found in the 2D velocity vectors between PIV and CFD, as well
as in the 3D flow pattern between PCMRI and CFD. Through the comparison, this
study has revealed the characteristics of these methods — advantages and drawbacks —
which could serve as useful knowledge and important references for future
haemodynamic investigations using these methods. Moreover, CFD is widely used to

study the difference in haemodynamic changes between successful and unsuccessful

PCMRI CFD

(a) Front view

(b) Top view

(c) Side view

Figure 3-13 Comparison of the morphology of 3D models used in CFD and measured by PCMRI
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treatments for intracranial disorders, which causes it to be recognised as a useful tool
in the risk factor analysis after clinical operations [124]; meanwhile it could also assist
to evaluate the treatment efficacy between different strategies, like clinicians” decisions
on the number of FD stents, whether a compaction of the stent wires is needed, efc.
[101]. This study has also examined the power of CFD technology to produce valid

results that could assist to make decisions before and after clinical treatments.

3.4.1 Model Morphological Difference in PCMRI

According to the plane shape comparison in Figure 3-7, the discrepancies in plane A
measured between PCMRI and other approaches are found to be at the location which
is close to the aneurysm neck and the artery bifurcations — in another words, the area
that has relatively complex morphological variations than normal blood vessels that

may lead to unusual haemodynamic conditions.

Due to the technical restrictions, the measurement resolution adopted in PCMRI could
not be as fine as that of PIV and CFD [73], therefore some morphological details might
be unavoidably compromised. MRFD results are obtained based on the clinical
imaging dataset scanned from 3D TOF MR angiography (MRA) and 3D PCMRI. As for
other clinical imaging techniques like rotational angiography (RA) and computed
tomography angiography (CTA), vascular geometries obtained by MRA are thought
to be larger than those of real vascular geometries due to a partial volume effect caused
by relatively poor spatial resolution [125,126]. Moreover, PCMRI is based on the
detection of variation in spin motions of hydrogen atoms under a certain magnetic
field, which relates to the phase shift that has a proportional relationship to the
hydrogen particle velocity [127,128]. Nevertheless, unlike the water molecules in the
body that provide hydrogen atoms (both moving particles in the blood flow and steady
particles in the surrounding tissues), the silicone model that is the surrounding
material of the BAF contains relatively few hydrogen atoms, which limits the
performance of PCMRI measurement close to the model wall, which is also the edge

of the fluid zone.

To further understand the morphology difference, I extracted the surface of the model
generated from PCMRI measurement, which was then compared with the 3D model
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used for CFD (which was reconstructed from the microCT scans of the silicone model),
as shown in Figure 3-13 Looking from the front view (see Figure 3-13(a)), the
geometries for PCMRI and CFD show good similarity, in terms of the overall shape
and size; the characteristics of aneurysm, bifurcations and artery bending are
accurately captured. However, local discrepancies can be found around the aneurysm
neck — more precisely, the junction area between the aneurysm neck and the outlet
RPCA, as marked by the blue arrows in Figure 3-13 (b) and (c). Curvature of the
bending from the aneurysm neck to the outlet RPCA is larger in the CFD model,

resulting in a more obvious sunken region between the aneurysm and outlet artery.

According to size measurements with the CFD model, the smallest diameter of the BA,
LPCA, RPCA, and aneurysm sac is approximately 3.2, 1.8, 1.4, and 3.5 mm,
respectively; however, the narrowest distance between the aneurysm and RPCA at the
sunken region is less than 0.3 mm, which is smaller than the pixel size in PCMRI
measurement (with a resolution of 0.5x0.5x1 mm). This indicates that PCMRI detection
for a complex geometry may unavoidably compromise some morphological details,
especially for those with smaller size than the measurement resolution; however, the
general characteristics of the geometry can be accurately replicated [111]. The
morphology comparison between the physical silicone model and the MRA model for
PCMRI is not presented here, as the physical model is considered to have the

equivalent morphological details to the microCT-based CFD model (see Section 3.2.1.2).

This finding also explains the difference in the shape of plane A (see Figure 3-7), as it
is located around the aneurysm neck, the difference in the sunken region degree

affected the shape of the cut plane in aneurysm neck and the outlet artery.

3.4.2 Flow Pattern Discrepancies and Agreements in PCMRI

The planar velocity vector difference displayed in Figure 3-8 can also be explained by
the morphological difference. As the separation point on the measurement plane is
affected by the direction and position of the aneurysmal inflow and outflow, any

morphological variation would easily lead to a changed haemodynamic behaviour.

Based on the model in Figure 3-13, the location of plane A in PCMRI should be closer

to the junction area between the aneurysm sac and the RCPA than that in CFD and PIV.
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Figure 3-14 Comparison of velocity vector field on plane A between CFD simulation
with the MRA model and MFRD processing of the PCMRI results

Thus, while the flow vortex in the aneurysm centre is the same as detected from PIV
and CFD, the PCMRI-measured planar velocity vector close to the aneurysm wall
represents a distinct flow pattern of aneurysmal outflow, before it joins the mainstream
in the parent artery to then enter the outlet RPCA on the right side. Despite the planar
flow pattern difference, the overall prediction of the 3D flow pattern is in good
agreement with that of CFD, indicating the power of PCMRI to properly capture the
global flow characteristics. In addition, those discrepancies of the local flow prediction

could be avoided with the adoption of an improved measurement resolution [111].

To exclude the velocity vector discrepancies due to the model morphological
differences raised by the MRA measurement, an extra CFD simulation was performed
with the aneurysm model generated from MRA, and its velocity vector result was
compared to the MRFD result, as shown in Figure 9. Comparing to Figure 4, improved
similarities in flow pattern can be seen here, especially at the right side where is
connected to the bifurcation to RPCA and close to the sunken region. This finding
confirmed the influence on the velocity vector comparison by the model morphological

differences reported in Figure 3-14.
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3.4.3 Advantages and Drawbacks in Different Methods

Through the investigation of aneurysmal haemodynamics obtained from PIV, CFD,
and PCMRI, the advantages and disadvantage for each of them were revealed. As an
optical method to visualise the flow movement in the target model, PIV could precisely
capture the velocity vector field in fine resolution with the use of a high-speed digital
camera, if the experimental system was properly established. Modelling of the physical
fluid environment, matched refractive index of the fluid with the material used for the
in vitro model, and accurate calibration of pixel size in the post-processing are crucial
factors affecting the validity of experimental results. In this study, the PIV result
analysis could only provide 2D velocity vector fields due to the restriction from our 2D
PIV experimental setup. With a 3D PIV system or the volumetric PIV system, a 3D
planar velocity vector field or the flow pattern in the 3D fluid zone can be visualised;
however, requirements for experimental setups would become far more complex, with
the support of more high-performance devices and more sophisticated calibration and

post-processing techniques.

Compared to PIV, CFD is a more flexible tool that allows the 3D fluid zone to be
precisely predicted, although the simulation requires necessary assumptions which
may unavoidably idealise the modelling of flow and the variations in the flow field.
However, assumptions can be reasonably adjusted to avoid over simplifications [129].
While it is important to define the boundary conditions as close as possible to the
physical environment to mimic the real flow field, some adjustment of boundary
condition settings would be required in the best interest of calculation. For example, in
this study, in order to achieve a converged calculation, the boundary condition set for
inlet BA in CFD was adopted as traction free at zero pressure, instead of the actual
flow rate measured from patients which was used for the physical flows in the other
two methods (while CFD boundary conditions for outlets followed the measured
flowrates). However, the resulting inflow and outflows were calculated and compared
to the measured flowrated afterwards, to validate the choice of boundary conditions.
In a word, such parameters should be carefully adjusted to ensure it would not create
a distinct flow environment, thereby leading to different flow behaviours.
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For PCMRI, while it measures the 3D flow field without flow assumptions and
compromised boundary conditions, the resolution is not as fine as that of the other two
approaches due to the current technical restrictions [73]. For geometries in larger scale
that have less morphological details than patient-specific cerebral aneurysms, PCMRI
would be more powerful to capture the flow patterns. For those models with similar
scales and complexities as that used in this study, though the measured 3D streamlines
could provide a reasonable global flow pattern, adopting a fine resolution with
considerations of the smallest geometrical detail would result in a more precise local

flow pattern.

Moreover, it is difficult to create an 100% same flow environment between the in vitro
measurement and numerical simulation, as the fluid flow react sensitively to its
surroundings, for example the in vitro models and working fluid may be slightly
varied in different times of fabrication. However, in the present study the modelling
of aneurysm model as well as the working fluid are technically controlled by both the

mechanical properties and the fluid properties [130].

3.4.4 Limitations

Considering the facts that high flow rate leading to high Reynolds number of the flow
might require a different assumption of turbulent flow (rather than laminar,
depending on flowrate and geometry though) in the CFD simulation, or wide-range
velocity variations might still challenge the PIV algorithm [131], we should be aware
that different inflow conditions may create unexpected problems for each method. This
means that a wider range of inflow conditions for this validation study could help to
examine the performance of each approach from a more comprehensive view. Besides,
it would also be meaningful to compare the flow pattern on different target planes,
and thereby investigate the agreement between these methods affected by the local

morphological complexities.

All experiments were performed under a steady-state flow condition, without
consideration of the pulsatile phenomenon, as the intracranial blood vessels have
negligible pulsation along the cardiac cycle. Other studies have demonstrated that
despite small variations of the local flow due to the pulsatile flow behaviour, steady
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flow simulation provides a good approximation of spatial average velocity magnitude
in IA [132], and the instantaneous shear stress and flow rate in a pulsatile flow regime
can be estimated reasonably well from a steady flow simulation [133]. It is also
reported that that steady-state models provide reasonable estimates for the time-

averaged haemodynamics of true pulsatile flow [134].

Due to some systematic limitations, the aneurysmal flow pattern was only compared
between different methods on a single target plane, at a given inflow condition in this
study. However, the adopted inflow rate could be regarded as a representative level
within the range of the average flow rate in human cerebral arteries; further, the
selected measurement plane was located at the critical section around the aneurysm
neck, with morphological details in high complexity. With the above-mentioned facts,
I assume that the finding from this study could be representative and useful as a
preliminary research outcome, even with limited research scenarios. Studies with a

more comprehensive scheme should be carried out in future works.

Moreover, as resolution and precision for each method varies, the accuracy of each
obtained result can be affected. However, we performed a mesh dependency test for
the CFD simulation to assure the simulation accuracy. Also, a fine resolution at the best
capability of the high-speed camera was adopted for PIV, while the measurement

using MRI set a resolution as good as possible.

3.5 Conclusion

In this study, I studied the flow pattern in a patient-specific cerebral aneurysm using
both experimental and numerical approaches that are commonly adopted in fluid
dynamics studies — PIV, CFD, and PCMRI - and compared the geometric shape, planar
velocity vector field and 3D streamlines obtained from these methods. The flow
patterns between PIV and CFD show good agreement, in terms of the 2D velocity
vectors and the in-plane velocity magnitude. Meanwhile, the 3D flow pattern obtained
from PCMRI shows good similarity to that of CFD. Through this comparison,
outcomes of CFD simulation have been quantitatively validated against experimental

outcomes, and the results give confidence to future haemodynamic studies using CFD
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technology, which would better assist the surgical planning and treatment strategy

evaluation before and after clinical operation for intravascular disorders.

This work provides a vital foundation for future validation studies, as the reported
agreements and inconsistencies between different approaches have preliminarily
revealed their advantages and drawbacks. Based on this, improvements can be made
to further validate the analysis by these methods in a more comprehensive scenario.
Moreover, deeper understanding of these research methods is beneficial for future
aneurysmal haemodynamic investigations, as it might contribute to more reasonable

adoptions of research approaches and protocols to serve the purpose.
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4.1 Introduction

4.1.1 Background

As aneurysmal haemodynamics is considered to be an important factor affecting the
initiation, growth, and rupture of intracranial aneurysms (IAs), different methods have
been established to study the aneurysmal fluid flows, with either in vitro phantoms or

3D virtual models.

Besides the exacerbation of aneurysm severity, the healing of an aneurysm is also
closely related to the haemodynamic variations in the aneurysm after clinical
operations. One of the commonly adopted endovascular treatments for IAs is to place
a flow-diverting (FD) stent across the aneurysm neck to discourage the blood flow
from entering the aneurysm neck, thereby leading to an aneurysm occlusion.
Therefore, post-treatment aneurysmal haemodynamic modification is a critical

indicator of treatment effectiveness.

Several methods are commonly adopted to obtain such aneurysmal haemodynamic
modifications, before and after FD stent treatment, to assist with the estimation of the
treatment efficacy. As introduced in the previous chapter, particle image velocimetry
(PIV) involves the measurement of real physical motions but can be cumbersome and
expensive to establish. Meanwhile, computational fluid dynamics (CFD) is more
flexible than PIV, offers higher spatial resolution and the ability to derive all flow
parameters, but it necessarily requires several assumptions or parameters to be

specified by the operator.

While a physical stent can be used in PIV experiments, the investigation of flow-
diversion treatment efficacy using CFD simulations requires modelling of the FD stent.
There are different options to model the FD stent for CFD — using the fully-resolved
stent model [100,101], or alternative methods like modelling the stent as a porous
medium (PM) layer [58,79,83]. Nonetheless, the specification of the stent model in the

numerical simulation is critical to resolve accurate fluid behaviour.
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4.1.2 Current Issue

As indicated in the previous chapter and a number of published studies on untreated
aneurysms, the aneurysmal flows obtained from different approaches like PIV and
CFD shows reasonable agreement [76-78]. However, the more complicated flow
behaviour in a patient-specific aneurysm with a deployed FD stent could be a more
challenging subject for flow validation using the two different methods, and little
study has checked their agreements and differences. Moreover, in terms of flow-
diversion efficacy, results obtained from numerical simulation when the stent is
modelled as a PM layer have never been validated before against physical

measurements.

4.1.3 Purpose

To make the power of CFD available to the challenge of modelling blood flow for FD
stents deployed into patient-specific aneurysm models, it requires a validation against
physical measurements. In this research, a more sophisticated validation of the CFD
model against PIV data for a patient-specific aneurysm, without and with a Silk stent,
was carried out, aiming to comprehensively examine the flow agreement between the
two approaches at a variety of flowrates and at several locations in the aneurysm, and
thereby validate the flow behaviours obtained with the PM modelling of the FD stent

in simulations.

4.2 Materials and Methods

4.2.1 Aneurysm Geometry

This study referred to a patient case comprising a 66-year-old female manifesting a
sidewall IA of approximately 25 mm maximal diameter and 20 mm in effective
diameter located on the internal carotid artery. This patient was subsequently treated
successfully with a Silk FD stent (post-treatment follow-ups observed complete

occlusion in the aneurysm), but the pre-treatment geometry is used herein.
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Figure 4-1 Keconstructed aneurysm (lett) and the manutactured sticone phantom (rignt): the dark
grey area in the in silico model stands for the PM stent and the position of aneurysm neck, and the
metal mesh in the silicone model is the S7/& stent; the silicone model is filled with BAF and air-
bubble, which lead to torsion in the view of the Si/& stent

1059 Institutional ethics approvals (Ref 5201100750 and 10274L) permitted use of this

1060 patient-specific geometry.

1061 A 3D virtual aneurysm model was reconstructed based on a set of 2D DICOM data
1062 obtained by CTA scan using Mimics (Materialise, Leuven, Belgium). A cavity in the
1063 shape of the reconstructed aneurysm and associated parent artery, bifurcating into two

1064 outlets, was cast into a block of clear silicone [cf. 98,99] (see Figure 4-1).

1065

1066  4.2.2 Physical modelling

1067  4.2.2.1 Flow-diverting stent implantation

1068 A Silk (Balt International, Montmorency, France) FD stent which has a diameter of 4
1069 mm and length of 30 mm was studied in this work. The size of the stent was selected

1070 to suit the patient-specific aneurysm geometry.

1071  4.2.2.2 Flow Circuit

1072 The silicone aneurysm phantom was connected via a series of tubes to a BVP-Z gear
1073 pump (Ismatec, Germany) with which the flowrate of blood-analogue fluid (BAF) was

1074 adjusted. Nominal flowrates of 150, 250, and 400 mL/min were set according to the
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reading from a calibrated ultrasonic flow transducer placed on the inflow tube.

Pressure was also monitored at both inlet and outlet.

The BAF was prepared from a mixture of approximately 50.19 % water, 32.85 %
glycerol, 16.86 % sodium iodide and 0.10 % sodium thiosulfate (by mass) [cf. 98,99]. At
a room temperature of approximately 22+1 °C, the mixture closely matched the
refractive index of the silicone block (1.410, using an Abbe refractometer (Atago,
Japan)), and also had a kinematic viscosity appropriate for blood (3.05 mm?/s target
value, which was confirmed to be attained to accuracy of better than +15 % using a

Cannon-Fenske viscometer (Cannon, U.S.A.)) (See Table 4-1).

Table 4-1 Properties and compositions of the blood-analogue fluid

Parameter Target Actual

Refractive index [] 1.41 1.408 to 1.412
Kinematic viscosity [mm?/s] 3.05 to 3.06 ~2.88 (2.82 to0 2.92)
Density [kg/m?3] — 1248 to 1250
Viscosity [mPa.s] — ~3.60
Temperature [°C] 22.0 22+1

H20 [Y%on] 50.19 *

CsHsOs [%om] 32.85 *

Nal [%on] 16.86 *

Naz5:20s [Yonm] 0.10 *

*True proportions of each pure component added are not precisely known, as the Nal used had
absorbed some (unknown) amount of water, and the composition of the original mixture was
therefore adjusted to achieve the desired refractive index. However, based on the properties being
close to the target values, it is fair to assume that the actual percentages would indeed be close (£5%,
say) to the target values. An additional small amount of sodium thiosulfate was also added several
months later to address the subsequent slow decolouration.

4.2.2.3 PIV measurement system

AnILA (Intelligent Laser Applications GmbH, Germany) 2D PIV system was used (see
Figure 4-2), consisting of a SensiCam (PCO, Germany) 12-bit digital CCD camera
(1280x1024 pixels), which was synchronised with a New Wave (New Wave Research,
USA) 120 m] double-cavity Nd:YAG Laser. The output laser beam at wavelength of
532 nm was guided through an articulated arm system to the measurement location,
where the beam was expanded by a cylindrical lens to form a 1.0 to 1.5 mm thick planar

vertical light sheet over the measurement plane. The typical field of view of the CCD
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Figure 4-2 PIV experimental setup: (a) schematic depicting the circuit used in the physical
modelling; T indicates temperature measurement (alcohol thermometer), F indicates flow
measurement (ultrasonic non-contact sensor), and P indicates pressure measurement (non-contact
sensors adjusted for ambient pressure); (b) schematic depicting the PIV measurement system.

camera was 35 x 28 mm? using 1280 x 1024 pixels of CCD array. The smallest resolvable
length is 27.3 um, which is the real length of each pixel. The interrogation windows
were 64 x 64 pixels (1.75 x 1.75 mm?), with 50% overlap between consecutive

interrogation cells, providing a velocity vector spacing of 32 pixels (0.875 mm).
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Figure 4-3 Sketch of measurement planes: (a) positions of measurement planes respectively in
horizontal and vertical directions; (b) shapes of measurement planes.
To avoid the reflection on the metal stent and improve the clearness of the flow
movements, rhodamine B fluorescent particles were used as the seeding particles in
the BAF at low concentration. The fluorescent particles have a mean diameter of 18 um
and a relative density of 1.09. When the measurement plane is illuminated by the laser
sheet, the light scattered or reflected from the silicone block and the metal stent has the
same wavelength as the laser (532 nm). However, the light emitted from the
Rhodamine B fluorescent particles has a longer wavelength (>570 nm). With the aid of
an optical long-pass filter at 550 nm to eliminate the scattered and reflected light from
the silicone block and metal stent at 532 nm, only the fluorescent light from Rhodamine
B articles is transmitted to the CCD camera. The optical relaxation time of the seeding
particles is about 20 ps, which is negligible compared to the separation time of 400 ps
between the pairs of images used for computation of particle displacements. The
uncertainty of pixel displacement in the measurement is about 0.2 pixels within the
interrogation window of 64 x 64 pixels. In each PIV measurement, 400 pairs of

successive images were taken at the laser repetition rate of 4 Hz. Hence, a mean
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velocity flow pattern was obtained by statistically averaging 400 successive

instantaneous velocity vector maps over approximately two minutes.

PIV measurements were made on two series of planes illuminated by the laser. For
one series the planes were approximately parallel to the neck of the aneurysm, and
planes in the other series were perpendicular to this. In this study, several
representative planes were selected to perform the velocity vector field analysis for the
comparison with CFD results. These planes are depicted in Figure 4-3(a). Plane X2 is
located at the centre of the aneurysm, while plane X1 and X3 are parallel planes on the
left and right of plane X2, with approximately 6 mm displacement either side. Plane

Y1 is located at the centre of the jet flow in the perpendicular orientation.

4.2.3 Computational Modelling

4.2.3.1 Flow-diverting stent modelling

In order to save simulation time, a PM stent model was employed instead of resolving
the geometry of the individual FD wires. Like the physical stent, the FD stent model
used in CFD was designed as a tube across the aneurysm orifice to fit the shape of the
patient artery. The FD stent was then defined as a homogeneous PM layer with a
thickness of 0.1 mm, which is consistent with our other report and has been
demonstrated to be sufficiently thin to provide accurate modelling of the flow [137,138].
Thinner models will more or less lose the advantages of using a PM model, while the
accuracy will not have practical improvement. From clinical observation, we found the
flow appeared to be closed at the aneurysm neck. Therefore, we designed the FD stent
model to completely fit the patient artery in our CFD model. (More details about the

methodology of PM stent modelling can be found in Section 2.2.2.)

Based on computed correlations previously reported for a 0.08 mm thickness [79], this
study adopted as initial values a permeability of 1.40x10-° m? and an inertial resistance
factor of 6962 m, as the corresponding thickness-compensated values for the flow
resistance parameters in our PM model, to describe flow resistance through the wall of

the FD stents.
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4.2.3.2 CFD simulation

CFD modelling was performed using the CFX software suite (ANSYS, U.S.A.). Blood
density was specified as 1050 kg/m3, while viscosity was 0.0035 Pa-s. Steady-state
simulations were conducted, with a laminar flow specification. Due to the rather thin
geometry, computational meshes of more than 1 million cells were employed

(validated as practically grid-independent by using up to 16 million cells).

4.3 Results

4.3.1 CFD versus PIV: no Stent

4.3.1.1 2D velocity vector contour comparison

PIV provides estimates of in-plane velocity on several cross-sections. In-plane velocity

vectors are also available from the CFD modelling for corresponding planes.

A side-by-side comparison of flow patterns from CFD and PIV without a FD stent is
presented in Figure 4-4(a) for a flowrate of 250 mL/min on plane X1, X2, and X3.
Clearly a good agreement can be found in the position of the vortex, the direction of
the circulating flow, and the planar velocity distribution. While the general flow
pattern matches well, the vortex positions are slightly more towards the wall in the

CFD result on all planes, especially for plane X3.

To be more precise, the positions of vortices measured in different situations (planes
and flowrates) were quantitatively compared. At the middle flowrate (250 mL/min),
the vortex centre predicted by CFD on plane X1 is at identical horizontal position and
approximately 1.7 mm higher in vertical direction than that of PIV. While on plane X2,
the CFD vortex centre is at similar vertical position and approximately 4.5 mm to the
right of the PIV location in the horizontal direction. Further, the vortex centre on plane
X3 in CFD is at similar vertical height and approximately 1.5 mm to the left of the PIV
location in the horizontal direction (refer to Table AIl-1 in Appendix II). These results
are in agreement with the visualisation that vortices in CFD results are slightly near to

the wall.
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1174 For brevity, while the validation also hold for planes X1 and X3, I present here for the
1175 two other flowrates vector plots for only plane X2, which is the centre plane for the
1176 two other flowrates (Figure 4-4(b) and Figure 4-4(c)). Similarities in the flow pattern

1177 and velocity distribution can also be clearly seen.

1178 Besides this, the velocity magnitude represented by colour indicates good agreement
1179 between results from CFD and PIV. It can be observed that the jet flow velocity
1180 predicted by CFD is slightly higher than that of PIV on all measurement planes at

1181 different flowrates.
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Figure 4-4 Comparison of velocity contours on measurement planes in horizontal direction for the
no stent case at different flowrates (black arrows are individual velocity vectors and while lines are
velocity streamlines) : (a) 250 mL/min (b) 150 mL/min (c) 400 mL/min.

1182  4.3.1.2 Velocity magnitude comparison

1183 Although the inspection of velocity vectors and contours was performed on the entire
1184 cross-section on numerous planes at different flowrates, to demonstrate the
1185 quantitative agreement, I extracted estimates of the vertical velocity components along

1186 a line through the vortex centre on each plane. A few important planes (X1, X2, and X3)
1187 that represent the haemodynamic features, at a middle flowrate of 250 mL/min were
1188 reported here. The data are plotted and compared in Figure 4-5, in which the positions
1189 of the lines are given in small inset sketches. PIV results are displayed point-by-point
1190 along the selected lines, while CFD results can be displayed as continuous lines due to
1191 its fine spatial resolution. Overall both the direction and the magnitude of this velocity
1192 component are matched along the selected lines in all three planes, while differences

1193 can be noticeable at the points in the jet or adjacent to the wall.
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Figure 4-5 Comparison of in-plane vertical velocity through a line on each measurement plane at
flowrate 250 mL/min for the no stent case: (a) Plane X1 (b) Plane X2 (c) Plane X3 (ordinate
represents the vertical velocity and abscissa represents the horizontal positions from left to right
edge).
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4.3.2 CFD versus PIV: with Silk stent

4.3.2.1 2D Velocity vector contour comparison

Figure 4-6(a) presents a comparison between aneurysmal flow patterns obtained from
CFD and PIV after being treated with a Silk stent on four measurement planes (X1, X2,
X3, and Y2) at the medium flowrate of 250 mL/min. The agreement is tolerable,
although not so close as in the untreated scenario. CFD predictions using the reference
Silk-based flow resistance parameters show similar flow patterns to PIV observations

with perceptible difference.

Plane X1 goes across the convex curve of the stent as it is located just above the
aneurysm neck, so the high-speed mainstream flow in the parent artery is displayed
in the CFD result at the top-right corner in Figure 4-6(a). The analysis of flow measured
by PIV in this area was however eliminated to avoid noise, as the metal stent had
induced strong reflection. In the remaining areas on plane X1, the distribution of
velocity vectors and streamlines between CFD and PIV are in an acceptable
concordance, along with the velocity contours. As for plane X2, which is located at the
middle of the aneurysm with less influence of the FD stent, the flow patterns from CFD
and PIV show good agreement (see Figure 4-6 (a)). The positions of the vortex centre
in both results are at similar vertical locations, with the CFD vortex slightly towards
the right side by approximately 2.5 mm in the horizontal direction (refer to Table All-
1 in Appendix II). However, on the off-centre plane X3, the vortex position obtained
from CFD is apparently close to the wall compared to that of PIV, resulting in varied
velocity streamlines around the vortex (see Figure 4-6 (a)). Comparison was also
carried out on a plane in the vertical direction that captures the jet flow, plane Y1, on
which similar flow patterns and velocity magnitudes for the CFD and PIV results can

be observed (see Figure 4-6 (a)).

For brevity, for the two other flowrates velocity contours are only presented for plane
X2 here (Fig. 4-6(b&c)), in which acceptable agreements between flows are observed,

while the validation also holds for planes X1 and X3.
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1223 As in the untreated case, the jet flow velocity calculated by CFD is higher than that

1224 measured by PIV at each flowrate on all cross-sections.
1225  4.3.2.2 Velocity magnitude comparison

1226 In-plane velocities extracted along the same lines specified previously are shown for
1227 planes X1, X2, and X3 at a flowrate of 250 mL/min in Figure 4-7. From the plotted
1228 results for CFD and PIV, vertical velocities along the line on each cross-section plane
1229 are generally in acceptable agreement. Further, comparing to the untreated velocity
1230 magnitude, apparent flow reduction can be generally observed from the velocity

1231 estimates on all cross sections in the treated aneurysm model.
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Figure 4-6 Comparison of velocity contours on measurement planes for the $7/ stent case at
different flowrates (black arrows are individual velocity vectors and while lines are velocity
streamlines) : (a) 250 mL/min (b) 150 mI./min (c) 400 mI./min.
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Figure 4-7 Velocity reduction after Silk stent treatment and the comparison of in-plane vertical
velocity through a line on each measurement plane at flowrate 250 mL/min for the S7/k stent case:
(a) Plane X1 (b) Plane X2 (c) Plane X3 (ordinate represents the vertical velocity and abscissa
represents the horizontal positions from left to right edge).

1233

1234 4.4 Discussion

1235 This study has investigated the aneurysmal flow pattern, before and after FD stent
1236 treatment, using PIV and CFD, when the Silk stent used in PIV was modelled as a PM

1237 model in CFD. Velocity vectors and contours on different cross-section planes in both
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the horizontal and vertical direction to the aneurysm neck were checked, together with
the in-plane velocity estimates comparison on a line across the detected vortex for each
plane. By doing this, the comparison has achieved a pleasing concordance between the
CFD and PIV results, which validates the CFD models for both the no-stent and with-

stent cases.

The effect of inserting a FD stent, under all the flow conditions and at different planes
within the aneurysm, can be clearly observed in the PIV measurements. Nevertheless,
there is a practical benefit to being able to predict flow behaviours using computational

models, without resorting to physical experimentation.

This work demonstrates that modelling of a FD stent as a PM model in CFD can
achieve an accurate prediction of the aneurysmal flow variations, provided that the
PM properties are set to create a flow resistance that matches that of the represented
physical stent. Although previous researchers have estimated flow resistance by
comparing PM stent models against fully-resolved stent models in CFD, this study is
the first to validate the PM stent model simulation results against observations from

physical PIV measurements.

4.4.1 Advantages of PM Model Due to the Uncertainty of FD Stent

Deployment

Although the flow resistance created by a FD stent with a particular mechanical
construction is designed to be constant, many other factors affect the actual flow-
diversion efficacy, like the individual aneurysm geometry and the manner of the stent

deployment.

For deployment of a physical FD stent in a patient-specific aneurysm, the wire
structures may differ substantially depending on the deployment strategies, applied
force, neck morphology, etc. in individual operations. Moreover, stent configurations
resulting from different virtual stent deployment methodologies can also vary. A
previous study revealed 10 percentage points’ decrease in aneurysm inflow with every

25 percentage points” increment in compaction of stent wires [101]. These facts would
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increase the difficulties in accurately modelling a fully-resolved wire stent for CFD

simulation.

Modelling the FD stent as a PM model avoids the unpredicted complexities in local
wire distribution, while the flow resistance created by the PM layer can be calibrated
to match with the represented stent, by defining the PM properties. This feature
enhances the stability of the flow-diversion effect. From the acceptable agreements
between PIV and CFD results, the PM stent model presented in this study is found to

be a practical and flexible tool to be used in the prediction of the flow behaviour.

4.4.2 Sensitivity to Measurement Plane Location

The discrepancy in the vortex positions of the PIV and CFD results on plane X3 for the
Silk case (see Figure 4-6) raised my concern about the precise location of the
measurement plane position in those two sets of data. Considering the possible
positioning errors, given that the laser sheet is 1.0 to 1.5 mm thick, slight misalignment
could happen during the experiment. Therefore, CFD results on a plane with a 1 mm
displacement to plane X3, namely X3, were checked, which shows apparently
improved agreement with the PIV results (see Figure 4-8). This finding indicates that
the planar flow contours could be sensitive to the location, even within small 1 mm

displacements. The alignment of measurement planes should be carefully noted.

CFD - X3'

Velocity
l 0.050

— 0.333

= 0.167

I 0.000

0 0.01 (m) [m/s]

0.005

Figure 4-8 Comparison of velocity contours on measurement plane X3 and X3’ (1-mm
displacement to X3) for the S7/ stent case at flowrates 250 mL/min
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4.4.3 Limitations

Whilst the comparison yield good agreement in the flow patterns throughout the
majority of the aneurysm domain, it was unable to obtain exactly matched flow details
at every location including the jets and vortices. However, it is unrealistic to expect
100 % agreement between physical experiments and computational simulations.
Unavoidable differences can arise though, for example, tiny discrepancies in the
location of the laser light sheet (that may result from a misalignment or the finite
thickness of the laser sheet), and small discrepancies in the construction of the physical
silicone model geometry compared to the computational model geometry. PIV
measurements are also less reliable in the immediate neighbourhood of walls, stents
or jets [139]. Furthermore, PIV relies on coarser interpolation, and can be influenced by

flow patterns existing slightly in front of or behind the nominal location of the plane.

There are also some assumptions inherent in the simulations. CFD was implemented
using a steady-state assumption, which should match the constant flow conditions of
the experiment well. Other studies have demonstrated that steady-state models
provide reasonable estimates for the time-averaged haemodynamics of true pulsatile
flow [134]. An indication of the effect of varying flowrate can also be gained by
examining the three flowrates considered herein. Furthermore, CFD was implemented
using a laminar flow model in this study. Although this has been shown to be
reasonable for steady flows [58], for pulsatile flows other models may be worth

considering [140].

The above comparisons also show that the agreement of flows in the untreated case is
better than that of the stented case, which can be affected by the simplifications
(homogeneous and isotropic features) and parameter specification (k and C2) set for the
PM model in this simulation. It could be possible to improve the ability of the PM
model to precisely replicate the local resistance of the physical stent by the use of
spatially-varying parameters [102], or with different resistances for tangential flow
within the PM model [cf.63,64]. However, there is insufficient basis for adding more
parameters into the model at present, as this study aims to validate the simulation

result against the physical observations by using Silk-based PM stent modelling. The
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comparison has demonstrated the credibility of the use of Silk-based PM stent
modelling, provided that the PM model properties are specifically defined based on
the represented physical stent. More sophisticated settings of PM properties can be

studied in future work.

4.5 Conclusion

Flow patterns in a patient-specific aneurysm obtained between PIV and CFD have
been comprehensively compared in this study, qualitatively and quantitatively, with
and without the Silk FD stent, at three arterial flowrates, and on numerous cross-

sectional planes in different orientations.

In the absence of a FD stent, the CFD model is capable of accurately simulating flow
within an aneurysm. With the modelling of a FD stent in the simulation of flow in a
treated aneurysm, agreement can be maintained in the bulk flow patterns, with

acceptable discrepancies at individual locations.

This agreement has revealed the power of CFD in predicting aneurysmal flows and
resolving the flow variations with the application of a PM model stent. For the first
time, the PM modelling of a stent has been validated against physical observations,
through which the credibility of this methodology is confirmed. This study has built
the foundation for the use and development of PM modelling in CFD as a practical and
flexible tool for future investigations of aneurysmal flow variations after FD stent

treatment.
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5.1 Introduction

5.1.1 Background

In CFD simulations, modelling FD stents as fully-resolved wire meshes requires a large
number of computational mesh elements, which increases the computational
difficulties. To improve the simulation efficiency, modelling FD stents as a porous

medium (PM) was developed [58,79,83].

5.1.2 Current Issue

In earlier studies, the diversity of PM stent models led to considerable differences in
the flow resistance forces. Permeability is one of the main properties that characterise
aPM, and describes the capacity for fluid transmission. Adjustment of the permeability,
therefore, may result in a variety of flow resistance forces. As permeability is related
to the stent porosity, the sensitivity of the flow to permeability also helps to predict the
magnitude of effect arising when the porosity is modified due to a change in

deployment of the device.

Meanwhile, morphological differences in PM stent models, for example the thickness,
may also greatly affect the aneurysmal inflow [80]. Even though the true value of
existing stents is about 30 to 50 um, it may be computationally expedient to use a
different thickness to model the PM stent. Besides, as the diameter of the parent arteries
are usually in millimetres, thickness of the PM layer should be designed within a
reasonable range, to ensure that the narrowed artery around the aneurysm neck (due
to the existence of the PM layer) would not cause unexpected influence on the
mainstream flow pattern and aneurysmal inflows. However, few studies have
addressed these issues, or studied the effects of those parametric settings on

aneurysmal haemodynamics.

5.1.3 Purpose

The objective of this study is to investigate the haemodynamic differences attributable
to model parameter adjustments in CFD simulations with a PM stent. More specifically,

this study focuses on the sensitivities to PM model thickness and permeability, by
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1369 exploring their influences on post-stenting haemodynamics for multiple values of flow
1370 rate. Knowledge of sensitivity is useful given variability that may be caused from
1371 differences in deployment or stent design on one hand, and practical computational
1372 constraints on the other hand.

1373 5.2 Materials and Methods

1374  5.2.1 Patient-Specific Aneurysm Model

1375 A large patient-specific cerebral aneurysm, with a maximum diameter of 25 mm, was

1376 studied after institutional ethics approval was obtained [58,83].

1377 Using 2D DICOM data from a CT scan, the 3D aneurysm geometry was reconstructed
1378 in STL format. The in-plane spatial resolution and the inter-plane spacing of the
1379 DICOM data has been confirmed to be fine enough to adequately represent the

1380 morphology of a cerebral aneurysm [46].

0 001 (m) 4 .
—

(©) (d)

Figure 5-1 Geometry of the cerebral aneurysm and the porous-medium stent, and the positions of
each plane of interest: (a) Geometry of the aneurysm and the porous-medium stent model (b)
Position of the neck plane (c) Position of the intra-aneurysmal jet plane (d) Position of the intra-
aneurysmal centre plane
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An intra-aneurysmal centre plane and a jet plane were selected to summarise the

simulation results. The positions of the two planes are shown in Figure 5-1.

5.2.2 Porous Medium Method

The 3D virtual FD stent geometry was modelled as a moulded tube, with varied
effective diameters, running through the parent artery and covering the aneurysm

neck.

In contrast to the conventional stent geometry with individual wires, the FD stent was
modelled as a homogeneous PM layer in the simulation. (More details about the

methodology of PM stent modelling can be found in Chapter 2.2.2.)

5.2.3 Adjustment of PM Stent Model Thickness

Besides the permeability and the inertial resistance factor, the thickness of a PM stent
may also influence the pressure drop, as seen from equation 2-5. This study
hypothesised that a different choice of thickness in the model can still provide valid
predictions of flow when the flow resistance parameters are correspondingly
compensated (Table 5-1), while maintaining the advantages of using a PM model.

Hence, the PM stent was constructed in three thickness levels, which were 50, 100, and

200 pm.
Table 5-1 Permeabilities and Inertial Resistance Factors 2
Thickness, Ae Permeability, k  Inertial resistance factor, C2
(um) (m?) (1/m)
50 6.22 x10710 1.40x10°
100 1.40 x10°° 6.96x10*
200 2.49 x107° 3.50x10*

a. The respective “initial” values are shown here for each thickness.

5.2.4 Adjustment of Permeability

Initial values of permeability and inertial resistance factor were adapted from a
numerical test model of the Silk [79], a commonly used single-layer FD stent, listed in
Table 5-1. For the three different stent thicknesses, the values of k and C, were
compensated to maintain a consistent pressure drop across the FD wall (for a given

flow velocity, independent of thickness).
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Figure 5-2 Mesh generation for aneurysm model with model FD stent deployed of thickness 50

pm
1406 In order to observe the parametric sensitivity of aneurysmal haemodynamics to
1407 permeability, this study considered deviations in the permeability in a series of

1408 percentages — 80%, 90%, 100%, 110%, and 120% — of each initial value.

1409  5.2.5 Meshing

1410 A computational mesh dependency test was conducted to assure the accuracy before
1411 carrying out all simulations. The entire fluid zone was discretised into 0.7 to 2.8 million
1412 tetrahedral elements, with elements in smaller size added to the artery wall and the

1413 stent surface, using ICEM (Ansys, U.S.A.). (see Figure 5-2)

1414 5.2.6 Flow Simulation

1415 The blood flow was modelled as a Newtonian, incompressible fluid in the laminar flow
1416 regime under steady conditions. To match the characteristics of human blood flow,

1417 density and viscosity were specified as 1050 kg/m? and 0.0035 Pa-s, respectively.

1418 A mass flow rate boundary condition was set at the inlet for all cases, variously
1419 specified to correspond to nominal volumetric flow rates of 150, 250, and 400 mL/min,
1420 to observe the permeability sensitivity under different flow rate conditions. A traction
1421 free pressure condition was set on the outlets for all cases. The artery wall was
1422 described as stationary and no slip. CFD simulation was performed with a commercial

1423 finite-volume-method solver, CFX (Ansys 15.0, U.S.A.).
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5.2.7 Haemodynamic Parameters

Mass flow rate (MFR) through the aneurysm neck plane was calculated and presented

as a percentage (MFR%) compared to the untreated case.

Energy loss (EL) is reported as one of the major factors in the prediction of aneurysm
growth and rupture; herein it refers to the difference in fluid energy between the inflow

and the outflow across the aneurysm ostium as per,

on Pin,i 1 9 n Pout,j 1 2
EL = leml Qin,i (% + Evin,i) - nglit Qout,j ( p + Evout,j) ’ (5'1)

where Q represents MFR, p is static pressure, p is the density of the fluid, v is the
velocity, and 7 and j refer to coordinate locations on the ostium [124,141]. It is also given

as a percentage (EL%) of that in the corresponding untreated case [141].

5.3 Results

5.3.1 Effect of PM Thickness on Aneurysmal Haemodynamics, with

Compensated Permeability Values

‘Streamlines Jet Plane Centre Plane
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Figure 5-3 Intra-aneurysmal flow patterns for a porous-medium stent (at ‘initial’ permeability) with
different thicknesses under varied inlet flow rate: (2) 150 mL/min (b) 250 ml./min (c) 400
mlL/min

1438 Figure 5-3 demonstrates the flow patterns and velocity contours for PM stents with
1439 different thicknesses. The permeability was kept at the ‘initial” values (see Table 5-1)
1440 for the three cases. Under different inflow conditions, no obvious distinctions between

1441 the flow patterns, tangential velocity vectors and contours were observed on either the
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centre plane or the jet plane in simulations with stent thicknesses of 50, 100, and 200
pm.

Figure 5-4 presents the variations of intra-aneurysmal MFR and EL calculated based
on the aneurysm neck plane. For each thickness, the permeability of all cases presented
in the chart was the “initial’ value. For a given inlet boundary condition, the maximum
difference in MFR% reduction is less than 5 units for the thicknesses of 50, 100, and 200

pum, while the maximum difference for EL% is less than 2 units.

5.3.2 Aneurysmal Haemodynamics for Different Inlet Flow Rates

From the difference in flow reduction rates between different inlet flow conditions, it
indicates that the flow reduction efficacy decreases as the inlet flow rate increases (see
Figure 5-4). For a given thickness and permeability, when the inlet flow rate increases

from 150 to 400 mL/min, the intra-aneurysmal MFR% value is increased by about 18 to

20 units.
MFR % EL %
60 15
40 | 10 ‘
) \( | 5 i
0 0
150 250 400 150 250 400
ml/min ml/min ml/min ml/min ml/min ml/min

E50pm E100pm M200 pm

Figure 5-5 MFR% and EL% for different inlet flow rates. (Each PM model is specified with the

‘initial” permeability.)
60
a0
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G
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Figure 5-4 MFR% and EL% of cases with modified permeability

(Error bars show the effect of different inlet flow rates.)
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5.3.3 Aneurysmal Haemodynamics with Different Permeabilities

Figure 5-5 shows the changes in MFR% and EL% in response to the alterations to
permeability. Both MFR% and EL% increase as the permeability rises from 80 to 120 %
of the “initial” value. Each 10 % increment in the permeability resulted in increases of
approximately 2 and 1 unit in MFR% and EL%, respectively. The result also reveals
that under each inlet boundary condition, the gradient stays similar for both MFR%
and EL%.

5.4 Discussion

5.4.1 Effect of PM Thickness on Aneurysmal Haemodynamics, for

Compensated Permeability Values

The pressure drop for flow passing through the PM layer can be affected by the layer
thickness, even though flow resistance parameters were compensated, as it is easy to
imagine that an excessively thick FD layer can interfere with blood flow in the parent
artery. This study investigated the possible post-stenting haemodynamic differences
caused by FD layer thicknesses of 50-200 um (none occupies more than 5% of the
parent artery diameter), and found no obvious distinctions between them. However,
one should be aware of the potential interference if using FD model thickness greater

than 200 um (or layer thicknesses exceeding 5% of the parent artery diameter).

The physical thickness of commercially available FD stents — from a single layer stent
(e.g. Silk: 30-50 um), to dual-layer stents, and even treatments using multiple single
layer stents (e.g. three Silk stents: 90-150 pm) [29,79,142] is poorly defined. Nonetheless,
the range of FD layer thicknesses in this study covers most of these, and the
haemodynamics was insensitive to the choice of thickness provided the flow resistance
parameters were suitably compensated beforehand. Therefore, the thickness range of
stents employed in this study would be acceptable to be applied in future studies using
PM models.
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5.4.2 Effect of PM Intrinsic Properties on Aneurysmal Haemodynamics

For a PM, the intrinsic properties such as permeability and the inertial resistance factor
can greatly affect the intra-aneurysmal flow patterns. Results indicated that with the
increase of PM permeability (from 80% to 120% of the “initial” values adapted from the
literature), the relative aneurysmal inflow increased from 34% to 42%, and the relative
aneurysmal energy loss increased from 4% to 7% of the untreated condition. This
suggests that the determination of permeability should be well taken care of in

simulations using a PM stent model.

5.5 Conclusion

When the thickness of a PM model is adjusted (with compensated k and Cz), within the
range of 50 to 200 pum, the aneurysmal flow pattern, velocity magnitude, MFR, and EL

are not disturbed by such slight variation relative to the diameter of the parent artery.

The permeability of a PM stent can be related to the porosity of a deployed FD stent.
Using a PM to model FD stents of different nominal porosities requires adjustment of
the specific permeability setting to properly reflect the flow resistance properties of the

represented stent.
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6.1 Introduction

6.1.1 Background

In contrast to modelling the FD stent with fine meshes, which requires a high-
resolution spatial discretisation around the stent’s thin wires, porous medium (PM)
stent models mimic the resistance effect of an FD stent with parameters that

characterise a PM, such as permeability (k) and inertial resistance factor (C2) [79,80].

As introduced in Chapter 5, permeability of a PM stent can be related to the porosity
of a deployed FD stent. Therefore, when adopting a PM to model FD stents of different
nominal porosities, it is critical to characterise the PM property settings to properly

reflect the flow resistance of the represented stent.

6.1.2 Current Issue

A number of studies have been performed to understand the correlation between the
PM stent and the fine-mesh FD stent model [79-81,83]. To obtain PM model parameters
that would be similar to an FD stent, Augsburger et al. created an FD test model [79],
which had a geometry similar to the commercially available Silk FD stent (Balt

Extrusion, France), and derived the k and C:of the test model’s PM analogue.

Although the methodology of using PM stent models was established, few studies
have been carried out to specify the calibrated PM properties that could match
different brands of FD stent available on the market, like the PED, Silk+, and FRED
(refer to Chapter 1.1.4). Furthermore, most of the published PM stent studies utilised
the PM properties derived by Augsburger et al. [79] in the simulation of FD stent
treatment even with other brands of device — and indeed often without correctly

accounting for the PM model thickness.

6.1.3 Purpose

The objective of this study is to specify calibrated PM stent model parameters for
different treatment scenarios — single FD and multi-FD implantation, as well as for
treatments with different brands of device (e.g. PED, Silk+, FRED, etc.). To meet this
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need, this study first generated FD test models corresponding respectively to a single
PED, Silk+, and FRED, as well as for two PED stents (overlaid), and further considered
regions or alignments with the lowest and highest porosities for each of these models.
The corresponding PM stent model properties — k and Cz2 — for each case were derived,
and further applied in the CFD simulation of treatments for two patient-specific
aneurysms to contrast the effects of different parameters as might realistically be

encountered.

6.2 Materials and Methods

6.2.1 Aneurysm Models

Two patient-specific IAs were studied after the institutional ethics approval was
obtained. Aneurysm A has a maximum diameter of 25 mm with a narrower neck of
about 12 mm; aneurysm B has a maximum diameter of 20 mm with a wider neck of
about 15 mm. The 3D aneurysm geometries were reconstructed from sets of 2D
DICOM images obtained from CTA scans. The in-plane spatial resolution and the
inter-plane spacing of the CTA scans has been confirmed to be fine enough to represent

the morphology of the intracranial aneurysms [58].

6.2.2 FD Stent and Test Model Construction

Three commercially available FD stents that are commonly used in clinical treatment
— PED, Silk+, and FRED — were studied in this research. The PED is a uniform-mesh
single-layer stent, comprising 48 wires of 30 um diameter, with typical porosity from
65 to 70 % [ref]. The Silk+ is also a single-layer stent, but made from 44 thinner wires
(25 um) and 4 thicker wires (40 um), with a nominal porosity of about 75 to 80 %. The
FRED is a dual-layer stent, braided from 48 thinner wires (about 25 um, inner layer)
and 16 thicker wires (about 60 um, outer layer), with a typical porosity of about 70 %

[29,30,143-145].

With the above information about the three FD stents, I used a mathematical method

to describe the nodal information of the wires’ centrelines for these FD stents, when
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each of them is expanded in a straight cylind tube with the diameter of 4 mm. The 3D
virtual FD stents were then generated (see Figure 6-1) by sweeping through all of the
nodes on the centrelines, with a circular cross-section in a nominated diameter, using

an open source application, Paraview (https://www.paraview.org/) [141] [89].

Based upon the three fully-resolved FD stents, seven scenarios of treatment with either
a single FD or two FDs deployed were investigated, and the fully-resolved FD stent
test model for each scenario was correspondingly constructed (see Figure 6-2). The
seven scenarios include treatment with:

1) a single PED (scenario ‘P’);

2) and 3) a single Silk+ with the maximal/minimal metal-coverage ratio (MCR)
(scenario ‘S-max” and ‘S-min’);

4) and 5) a single FRED with the maximal/minimal MCR (scenario ‘F-max” and ‘F-min’);

6) and 7) two PEDs with the maximal/minimal MCR (scenario ‘DP-max’ and ‘DP-min’)

achieved within the aneurysm ostium.

R R SRS
SR K PR PR
00 BT
SN S SN NN KIS
K P RAK NI L IRINK NS
SRR SRR

v -~

(©

Figure 6-1 Sketch of the fully-resolved FD stents: (a) PED (b) Sitk+ (c) FRED

Chapter 6 — Calibrated PM Stent Models
-84 -



1577

1578

1579
1580

1581

Yujie Li, 2018.

FD Stent = Fully-Resolved | Fully-Resolved | Scenario
FD Stent Model Test Model
f '.;«;";23%\@ e
XA
PED m’bo’m" YNNG @
eo,o,’q ‘c‘e"o,o.:',‘ ”s\%:o;q"q%%:o’o’f
me‘.’o‘o‘,mo"v‘e“e qofc:‘o‘ee 0
e
= 'S-max'
9
U) | 4
2| Silk+ N {g
) ‘/\ /\'
2 .0";‘: 0.0’0
2 L &:f R
7 S-min
'F-max’'
FRED
'F-min'
)'\ “»‘"'/nn“‘ 9 \‘""II'O\\‘
u,’...x:g“o 4':,", ,x.,\‘: AN
’ON N 1 LN
"2 ,x‘;“o.o,o,:' 0 DP-min
b3} n‘\ "/,/'n'd.\“"
= ’00
CS two
3 PEDs
=
3 ] '
> DP-max

Figure 6-2 Sketch of the corresponding fully-resolved test model scenarios for each FD stent.
Scenario names ending with “-max’ or “-min’ respectively denote the test models with maximal or

6.2.3 Determination of PM Properties and Construction of PM-FD Models

The properties (k and C2) of each PM-FD model were determined based upon the test

model generated from the corresponding fully-resolved FD stent. This technique was

minimal MCR.

adopted from a previous study by Augsburger et al. [79].
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Figure 6-4 Simulation condition of the test model (PED is used as an example in the figure)

ANEURYSM A ANEURYSM B

0 0.005 0.01 (m)

0.0025 0.0075

Figure 6-3 Specific shape of the PM tube running through the parent artery of each aneurysm

To measure the flow damping effect of FDs deployed in the seven scenarios, a series
of CFD simulations were performed, with different velocity boundary conditions (0.05,
0.1, 0.25, 0.5, and 1 m/s) imposed at the test models’ inlets. A free-slip boundary
condition was adopted for the flow channel in the test model, and a no-slip condition
for the fully-resolved FD stent surface to avoid undue influence of the flow channel
walls, as shown in Figure 6-3. Two planes respectively at the upstream and

downstream of the wires were selected for the calculation of pressure drop.

To simplify the wire-FD model in aneurysmal haemodynamic simulations, the FD
stent was modelled as a tube running through the parent artery of each aneurysm (see
Figure 6-4), with a constant thickness of 150 um. (It has been demonstrated that a PM

model thickness of 150 um can be used to accurately represent the flow resistance of
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FD stents of various thicknesses in Chapter 5, provided that k and Cz are appropriately
adjusted.) The shapes of the PM models used in this study were extracted from the

stent model deployed in the previous study [141].

6.2.4 Flow Resistance of the PM Model

The flow resistance created by the PM layer — which varies with respect to its intrinsic
properties, k and C2 — is expressed as a momentum source term in addition to the

standard fluid equation,

1
si=—(bvi+ Cogplvlvy), (6-1)

where i represents the x, y, or z coordinate, v is velocity, u is viscosity, and p is density

[79,83].

The Si term contributes to the pressure drop across the PM layer due to flow. Therefore,
the correlation between pressure drop and one-dimensional velocity through the PM
layer can be simply represented as the second order polynomial equation

Ap = %ﬂevz + ”TMU, (6-2)

where Ae is the thickness of the PM model.

By fitting a quadratic curve to pressure drop data as a function of velocity for each test

model, in the form
Ap=avi+bv, (6-3)

the values of C2 and k can be estimated from the corresponding parameters a and b.

Figure 6-5 Mesh generation for aneurysm A (left) and B (right)
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6.2.5 Meshing

The fluid domain and the PM subdomain were discretised into around three million
tetrahedral elements in total using ICEM CFD (ANSYS, U.S.A.), with finer elements of
less than 0.2 mm in size defined on the aneurysm surface and PM subdomain (see

Figure 6-5).
6.2.6 Flow Simulation

To describe a blood-analogue fluid in the simulation, the density and dynamic
viscosity were specified as 1050 kg/m3 and 0.0035 Pa-s. The blood flow was assumed
to be an incompressible Newtonian fluid within a laminar regime under steady
condition. The inlet boundary condition was specified with volume flow rates of 150
mL/min, 250 mL/min and 400 mL/min, respectively. A traction free pressure condition
was nominated on the outlets for all cases. The artery wall was defined as stationary,
with a no-slip condition. CFD calculations were carried out using a finite-volume-

method (FVM) solver in CFX (ANSYS 15.0, U.S.A)).

6.2.7 Haemodynamic Parameters

MFR and EL through the aneurysm neck were calculated to measure the flow-
diversion efficacy in each scenario. More details about the calculation of EL can be

found in Section 5.2.7.

6.2.8 PM Model Validation

To confirm the accuracy of the calibrated PM model proposed in the present study, a
validation was carried out to compare the outcomes between the calibrated PM model
and a virtual stent deployment (VSD). Flow-diversion results of two aneurysms into
which Silk stents were deployed were studied, under various inflow conditions (low,
medium, and high). The Silk stents were respectively modelled as the calibrated PM
model ‘S” and as the VSD model that was introduced in the previous published results

[141].
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6.3 Results

6.3.1 Porosity and Pore Density of Test Models

The porosity and pore density of each test model (Table 6-1) were calculated to
compare the structures of different FD model geometries. For the test models
representing the Silk+, FRED, and two PEDs, the mean porosities and pore densities
were also calculated by averaging the values for maximal and minimal MCR (see Table

6-1).

Table 6-1 The porosity and pore density of each test model. The mean values for the Si/&+ stent,
FRED stent, and the two PEDs obtained by averaging the two scenarios* are also shown.

FD Test Porosity Mean Pore density = Mean pore
stent model (%) porosity (1/mm?) density
scenario (%) (1/mm?)
PED P 70 70 22 22
. S-max 76 20
Silk+ S-min g5 80.5 19 19.5
F-max 70 22
FRED Fomin 73 71.5 16 19
Two DP-max 46 70
PEDs  DP-min 70 >8 22 46

* Scenarios ending with -max’ and “-min’ respectively relate to the maximal and minimal MCR.

6.3.2 Relation between Pressure Drop and Inflow Velocity

Figure 6-6 depicts the variation of pressure drop as a function of velocity for flow
through each of the different test models, based on a series of CFD simulations using

the fully-resolved geometries.

As the velocity is increased from 0 to 1 m/s, each test model exhibits higher resistance
to the flow, indicated by the increasing pressure drop. Indeed, the rate of increase in
resistance also grows as velocity increases, consistent with a quadratic relation. Flow
through two PEDs (scenario ‘DP’) engendered the highest average pressure drop of up
to 1720 Pa. The pressure drops produced by the single-stent models all varied in a
range roughly half as large as the average for scenario ‘DP”: the PED (scenario ‘P’)
created a pressure drop of 955 Pa, followed by 797 Pa for FRED (scenario ‘F’) and 567
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1659 Pa for Silk+ (scenario ‘S’). A remarkable difference in the pressure drops was revealed
1660 for scenario ‘DP’ and scenario ‘S’, whose averages differed by a factor of three at the

1661 highest velocity.

1662 Table 6-2 presents the coefficients of the quadratic term (a) and the first order term (b)
1663 in equation 6-3, which are obtained by fitting curves to the data in Figure 6-6,
1664 representing the relationship between the average pressure drop and velocity for the
1665 four scenarios. Based on these paired coefficients, k and C: for each scenario was
1666 respectively derived, corresponding to the PM model thickness of 150 pm, to
1667 characterise the PM-FD stent.
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Figure 6-6 The relationship between pressure drop and inflow velocity for flow through each test

model. For curves ‘F, °5°, and ‘DP’, the error bars represent the span of pressure drop between the

“min’ and “max’ MCR for the selected scenarios, and the curves are plotted based on average values
of these limits.

1668 Table 6-2 Paired coefficients (2 and 4) and PM model parameters (£ and C3) derived from test
1669 models representing each FD stent scenarios
FD stent Coefficient’ Permeability, k Inertial resistance
scenarios a b [m?] factor, C2 [1/m]
P 598 360 1.46x107 7.60x104
F 526 273 1.92x107 6.68x104
S 339 230 2.29x107° 4.30x10*
DP 978 744 7.06x10710 1.24x10°

1670  * The coefficients in equation 6-3, which are obtained from the curves representing the
1671  relationship between pressure drop and flow velocity for each test model in Figure 6-2.
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1672  6.3.3 Visualisation of Aneurysmal Flow Pattern

1673 Figure 6-7 presents the velocity iso-surfaces, streamlines, and the WSS for aneurysm A
1674 (Figure 6-7(a)) and B (Figure 6-7(b)) under the untreated condition, and for treatment

1675 according to the four different FD stent scenarios.

1676 Results indicate substantial flow reduction occurred in the aneurysms following
1677 treatment with single PM-FD stents (scenarios ‘P’, ’S’, and ‘F’), compared to the
1678 untreated cases. Further flow diversion was achieved in scenario ‘DP’, as both inflow
1679 velocity and WSS were further reduced. Differences in the magnitudes of velocity and
1680 WSS can be noted from the flow visualisations for scenarios ‘P’, ‘F’, and *S’, while the

1681 inflow direction and WSS distribution are similar (see Figure 6-7).
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Figure 6-7 Visualisation of aneurysmal haemodynamics for aneurysm A and B, characterised by

velocity iso-surfaces, streamlines, and WSS, under the untreated condition and under four different
scenarios of FD stent treatment: (a) aneurysm A (b) aneurysm B

1682

1683  6.3.4 Quantitative Aneurysmal Haemodynamics

1684 Figure 6-8 shows the quantitative results from two aneurysms treated with different
1685 FD stents, modelled as PM with calibrated properties. In Figure 6-8(a) the MFR is
1686 presented as percentages of the corresponding untreated cases. For the inlet flow rate
1687 of 250 mL/min, the MFR after treatment scenario “DP’ is obviously lower than that of
1688 the other scenarios (‘P’, ‘F’, and “S”) by up to 19 and 18 percentage points in aneurysms

1689 A and B, respectively. The difference in MFR between the single-stent scenarios ‘P’, 'F’,
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and ‘S” does not exceed 9 percentage points (relative to the untreated cases); among
them, scenarios ‘P” and “S’ respectively show the highest and lowest efficacies of flow
diversion, with scenario ‘F’ being intermediate. I observed the same tendencies for inlet
flow rates of 150 and 400 mL/min, which are represented by the lower and upper error

bars in Figure 6-6.

Figure 6-8(b) presents EL as percentages of the corresponding untreated cases. Broadly
speaking, the EL results follow the same trends as outlined above for MFR. Values of
EL for the different FD test models differed by up to 5 and 14 % (relative to the
untreated cases) in aneurysms A and B, respectively. There are, however, two notable
distinctions. Firstly, there is a much greater difference in values of relative EL between

the two patient-specific aneurysms. This suggests that EL may be more sensitive to

=0 B Aneurysm A
Aneurysm B

Mass flow rate
MEFR (%)

D
S

40 B Aneurysm A
35 Aneurysm B
A 30 f
o —~
PEFR.
= T
£z |
=
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[
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m

(b) P 'S F  DP

Figure 6-8 Quantitative aneurysmal haemodynamic results for aneurysm A and B under different
treatment scenarios. The MFR (a) and EL (b) are given as the percentage of the corresponding

untreated case. Bar heights represent the inlet flow rate of 250 mL/min, while the lower and upper

error bars extend to results for 150 or 400 mL/min. A plane across each aneurysm neck is selected
for the calculation of MFR and EL.

Chapter 6 — Calibrated PM Stent Models
-93.



1701

1702

1703

1704

1705

1706

1707

1708

1709

1710

1711

1712

1713

1714

Computational Modelling and Haemodynamic Investigation of 1As Before and After FD Treatment

morphology than MFR. Secondly, the relative size of the ‘error bars’, representing
variation due to changes in inflow, is considerably larger for EL. Thus, normalised EL
is also more sensitive to inflow rate than is the normalised MFR. Absolute values of

MEFR and EL for each untreated case are shown in Appendix III.

6.3.5 Flow-Diversion Efficacy in Two Patient-Specific Aneurysms

A difference in the flow-diversion efficacy between two aneurysms was observed, even
when the aneurysms were treated with the PM-FD stent in the same scenario (Figure

6-7 and Figure 6-8).

As indicated by the velocity iso-surfaces in Figure 6-7, while the inflow to aneurysm A
is largely reduced after the PM-FD stent treatment, a relatively strong inflow remains
in the correspondingly treated aneurysm B. For a quantitative comparison, Figure 6-8
shows that for a given treatment scenario the flow-diversion efficacy characterised by
MFR and EL has a marked difference of up to 10 and 18 percentage points, respectively,

between the two aneurysms.
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Figure 6-9 Comparison of MFR% and AAV% obtained from two FD modelling approaches —

the VSD model [103] and the PM model (present work) — under vatious inflow conditions, (a) for

aneurysm A and (b) for aneurysm B.
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6.3.6 Comparison of Simulation Results between PM and VSD Model

Quantitative haemodynamic parameters of MFR and average aneurysmal velocity
(AAV) have been calculated, and the maximal differences in these parameters between
the two FD modelling approaches (the calibrated PM and the VSD) was found to be
less than 5% (Figure 6-9). This result indicates the credibility of using the calibrated

PM method in flow simulations of IAs implanted with FD stents.

6.4 Discussion

Using the method of modelling a FD stent as a PM, this study provided a set of
parameters for PM-FD stent modelling in CFD simulation, in order to realistically
reflect the distinct flow diversion effects. Based on three FD stents available on the
market, this work has studied seven scenarios of fully-resolved FD stent deployment,
and derived four characterised PM-FD stent models representing the true FD stent
deployments, including a dual-stent model. Moreover, the corresponding stent
treatments for two patient-specific aneurysms have been simulated in eight different

cases.

Through the use of calibrated PM-FD stent models, this study demonstrates a method
that is capable of distinguishing the haemodynamic effects associated with different
FD stents while retaining the advantages of using a PM model to avoid simulation

difficulties as well as to save computational time.

6.4.1 Characterising PM-FD stents

Figure 6-6 demonstrates that the flow resistance induced by the test models varies
according to their individual designs. In comparison to the flow resistance induced by
scenario “P’, scenarios ‘F’ and ‘S” produced resistances about 20 and 40 percentage
points lower, respectively; while scenario ‘DP’, as a double-stent deployment,
enhances the resistance to around twice that of scenario ‘P’. Clearly there is a dominant
inverse relationship between flow resistance and porosity, although this does not
explain all of the variation observed — compare the pressure drops for scenarios ‘P’,

‘F-max’ and ‘DP-min’, which all have porosities of 70 % (Table 6-1). The differences in
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flow resistance from these test model scenarios with identical porosity are considered
to be substantially affected by the differences in the stent thicknesses. As the stent
thickness increases, it creates a stronger damping effect on the flow. Knowing that the
effective stent wire thickness gradually reduces from two PEDs ("DP’) to PED (‘P’) and
FRED (‘F’), a correlation between the resistance induced by the stent wires and their
effective thicknesses can be noted. This reinforces the contention that the PM model
properties, particularly k and Cz, should be calibrated if they are intended to represent
true FD stents, as they control the capability of the PM model to transmit fluid, thereby

determining the real flow resistance.

As can be identified by the positions of the error bars (scenario ‘S-max’, *S-min’, ' F-max’,
‘F-min’,’DP-max’, and ‘DP-min’) in Figure 6-6, even though the pressure drops created
by scenarios with different MCRs fluctuate within a range, this range is smaller than
the differences between the various stents, and there was no overlap of the error bars.
Thus, it is reasonable to believe that the PM-FD stent models defined with k and C2
derived from the respective regression curves can represent the flow-diversion effects
of the fully-resolved FD stents for typical deployment of these stents. (Of course,
deployments involving oversized stents, undersized stents, or deliberately enhanced
‘compaction’ that result in drastically different average MCR values could affect the

relative flow resistances imposed [141].)

The phenomenon of different flow resistance follows from the structure of the FD stent
models, i.e. the porosity and the wire structure [90]. These results further illustrate the
tendency of flow resistance to decrease when the porosity of a FD stent is increased
(see Table 6-1). As specific examples of this, the smallest porosity decrease of 1.5
(scenarios ‘F’ and “P’) corresponded to an increase of 20 % in flow resistance, while the
largest porosity decrease of 22.5 % (scenarios ‘DP” and ’S”) corresponded to an increase

of 200 % in flow resistance.
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6.4.2 Impact of Different PM-FD Treatments on Aneurysmal

Haemodynamics

Modelling the fully-resolved FD stent as a PM model avoids the procedure of
modelling the deployment process of the FD stent, accounting for the expansion,
compaction and other motions of the individual wires, which is challenging and time-
consuming. As the PM-FD stent modelling introduced in this study simplifies the
fully-resolved stent structure into a moulded tube with a constant thickness, it avoids
the requirement of high-resolution discretisation around the wires (which would
result in a large number of tiny computational elements), thereby relieving the
simulation burden and saving computational time. The choice of a 150 um thickness
for the PM model (rather than, say, 30 um) likewise saves on computational load,

without any significant sacrifice in accuracy [79].

In this study, to simulate FD stents deployed to treat patient-specific aneurysms using
PM models, the entire fluid zone was discretised into about three million mesh
elements across different cases, which has even more precision than that used in the
simulation by Augsburger et al. [79], ensuring the capability to accurately predict the
flow haemodynamics. Using eight cores on an ordinary desktop computer, the
simulation time is around half to four hours for different scenarios under various inlet
flow rates, when the convergence criteria were adopted as 10~ for relative residuals.
Comparing this to the previous simulations with fully-resolved FD stents, which
typically takes about five hours using 16 cores on a high-powered Z840 workstation
[141], the computational efficiency is evidently improved substantially. This finding is
consistent with the trend that PM models will generally be substantially more

computationally efficient, as also found by Augsburger et al. [79].

Having this computational advantage and using these sets of the calibrated coefficients
to define PM stents, it improves the practicability of simulation for these devices. The
derived parameters presented in this work make it possible for simulation to be carried
out immediately, thus the approximate flow-diversion efficacy can be estimated for a
given aneurysm treated with any such device. This result is a ground-breaking

contribution to the field of FD treatment planning, as it not only ensures simulation
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accuracy but also significantly improves the simulation efficiency. The improved

specifications in our PM models and the reduced time cost would be highly beneficial.

6.4.3 Limitations and Future Work

With the test models that represent different fully-resolved FD stents, this study
derived the characterised parameters (k and C2) for each PM model; in this way, the

stent models were defined as a homogeneous PM layer with isotropic k and Co.

Due to the interaction between the aneurysm neck morphology and stent expansion,
the true wire configuration varies with the individual stent deployment, thereby
resulting in unevenly distributed wires and hence local variations in porosity and pore
density. However, our PM models did not account for such non-uniformity. Besides
that, the shape adopted by the stent wires can be affected by the artery diameter, the
selected stent size, and the compaction force applied, resulting in increased or
decreased porosity. The potential effects of these factors on porosity should also be
noted in PM stent modelling. Even though the specification for each PM model may
not perfectly match the true deployment, the same method was consistently used
across all the different scenarios in this study. Therefore, the relative differences
between each scenario are still capable of representing the distinct flow-diversion
effects of the real FD stents. It is the future work to establish further sophisticated PM-

FD stent models.

In this study, the PM model parameters were derived from test models with
perpendicular inflow, while the direction of realistic aneurysmal inflow varies locally.
It is also the future plan to study the anisotropic parameters for more precise PM stent
modelling. As reported in a previous study, the pressure drop across the stent mainly
results from the perpendicular velocity component, with minimal influence of the
tangential component [90]. This may allow a simplification to be introduced in some

models.

The pulsatile phenomenon was not considered in this study, as the flow-diverting
treatment is performed in intracranial vessels where the pulsatile phenomenon has less
effect on the variation of the artery wall geometry, comparing to that of cardiovascular

vessels. Other studies have also demonstrated that despite small variations of the local
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vorticity due to the pulsatile flow behaviour, steady flow simulation provides a good
approximation of spatial average velocity magnitude in IA [132], and the
instantaneous shear stress and flow rate in a pulsatile flow regime can be estimated
reasonably well from a steady flow simulation [133]. It is also reported that steady-
state models provide reasonable estimates for the time-averaged haemodynamics of
true pulsatile flow [134]. However, it would be interesting to evaluate the variation of
aneurysmal inflow —although tiny — due to the pulsatile phenomenon. Aneurysmal
inflow variation due to the parent artery flowrates can be estimated in this study from
the MFR difference at various simulation conditions of flowrate, whereas the
instantaneous behaviour over a cardiac cycle would require the future establishment

of a time-dependent PM model.

6.5 Conclusion

In this study, I generated seven test models based on the designs of three commercially
available FD stents on the market (PED, Silk+, and FRED), and studied the
corresponding k and Cz used for the PM stent modelling to represent the true flow-

diversion effect of the given FD stents.

This study revealed up to three times difference in flow resistance created by different
PM-FD stents, resulting in up to 19 (MFR) and 14 (EL) percentage points difference in
the aneurysmal haemodynamics for the stented cases, which indicates the capability
of distinguishing and representing the flow-diversion effect of different FD devices

using PM-FD stent models.

This work provides a vital foundation for the future development of PM models. Both
the reported different flow resistances from various stent designs and the factors that
may affect the stent performance have provided solid evidence for future studies to

further optimise the flexibility and precision in using PM models.

With the specific settings of PM properties, this study demonstrates the advantages of
FD stent simulation using PM models, by providing medical doctors and other

researchers with an individualised method that is more efficient than fully-resolved
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1857 CFD simulations while also achieving better simulation accuracy than with

1858 uncalibrated PM models.
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7.1 Conclusions

From results obtained in previous chapters, the morphologic characteristics and
simulation parameters that may affect the simulation credibility of aneurysmal
haemodynamics have been inspected. The capability of CFD to predict fluid flow
variations in idealised and realistic aneurysm geometries, with or without FD stent
treatment has been checked. Furthermore, a set of parameters, after being calibrated to
a variety of treatment modes, has been provided to future studies using model FD

stents.

To sum up, with computational modelling of idealised aneurysms, reconstructed
patient-specific aneurysms, and model FD stents, haemodynamic investigation of IAs
and their flow-diversion treatments were carried out, which contributes to a more
comprehensive and valid understanding of the aneurysmal haemodynamics and the

flow-diversion effects.

In Chapter 3, the accuracy and validity of CFD predictions of aneurysmal
haemodynamics without FD stent intervention was discussed, by comparing the
resolved velocity vector field in a patient-specific aneurysm with different
experimental fluid dynamics methods, such as PIV and PCMRI. The simulation and
experiments were carried out under the same flow regime and boundary conditions.
To carry out a comparison between different methods with minimal influence result
from unavoidable morphological errors, advanced techniques were used in the
research scheme, like microCT scanning and 3D reconstruction. In that way the in vitro
silicone phantom was precisely scanned, the results of which were later reconstructed
into a 3D virtual model. General comparison between CFD, PIV and PCMRI shows the
same vortex flow at the centre of the aneurysm; however, the near-wall flow pattern
shows discrepancies in the PCMRI results, which is considered as a consequence of the
low spatial resolution used in PCMRI measurement. The 2D velocity vector field
comparison between PIV and CFD shows good similarities both in flow pattern and
velocity magnitude, while similar 3D streamlines in the centre of aneurysm—the

vortices—are observed by comparison between PCMRI and CFD.
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In Chapter 4, the validity of CFD predictions for aneurysmal haemodynamics modified
by the presence of a Silk FD stent was further checked, by comparing the 2D velocity
vector field in a patient-specific aneurysm with that measured by PIV. Further, the FD
stent modelled as a PM layer was also validated against experimental results for the
first time, with PM model properties defined following the k and Cz derived from a Silk
stent introduced in Augsburger’s report [79]. Comparison between PIV and CFD
results shows very good similarities in the velocity vector field for the untreated case

and acceptable similarities for the stented case.

Through these two chapters, assessment of the accuracy of CFD predictions of
aneurysmal haemodynamics before and after FD stent treatment has been confirmed.
CFD can be a reliable tool that accurately predicts the aneurysm haemodynamics,
provided that the materials and parameters used in simulation are reasonably
controlled and determined, for example, the precision of the reconstructed model, the
adoption of reasonable simulation parameters, the reproduction of a stable and
consistent flow environment, etc. Moreover, the matched flow variations after flow-
diversion treatment indicate that the use of a PM model FD stent in CFD is a convenient

and flexible tool for investigating the flow fields in treated aneurysms.

In Chapter 5, impacts on aneurysmal haemodynamics were investigated when the PM
model stent is designed with various thickness within a certain range, as well as the
corresponding adjustment of k. Aneurysmal flow patterns and velocity magnitudes are
found to be similar between PM models of different thicknesses (between 50 and 200
um), provided that k and C: are compensated to retain the same pressure drop. The
adjustment of k has been found to strongly influence the flow-diversion effect of the

PM model.

In Chapter 6, PM model FD stents were respectively calibrated to reflect the flow
resistance created by several treatment modes using commercially available FD stents.
Flow-diversion effects of such calibrated PM model FD stents were further compared
between different treatment modes in two patient-specific aneurysms. From the results,
up to 20 % variation in flow-diversion effects can be observed between different
calibrated PM model FD stents.
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Through these two chapters, PM model FD stents have been calibrated to study the
aneurysmal haemodynamics after FD stent treatment. The thickness of the PM model
(within the range of 50 to 200 um studied in this thesis) has been found to have
negligible influence on the aneurysmal haemodynamics while the k and C: are
compensated to retain the relevant pressure drop. This assures the benefit of using a
PM model stent in the procedure of mesh generation, for the reduced difficulties and
improved mesh quality; furthermore, the computational cost in both time and
equipment can be saved apparently. From the correlations between pressure drops and
imposed velocities for the treatment modes that have been studied in this research,
several pairs of calibrated parameters —k and C>—can be derived for characterising the
PM model FD stents in future studies. According to the simulation results with
calibrated model stents, flow-diversion effects reveal significant variations with
respect to different PM model stents, which suggests the importance of calibrating
model FD stents to match with the represented FD stents. Having this computational
advantage and using these sets of the calibrated coefficients to define PM stents, it
improves the practicability of simulation for these devices. Compared to fully-resolved
stent simulation, time required for computational model preparation and simulation
in PM model simulation is substantially reduced. This study demonstrates the
advantages of FD stent simulation using PM models, by providing medical doctors
and other researchers with an individualised method that is more efficient than fully-
resolved CFD simulations while also achieving better simulation accuracy than with

uncalibrated PM models.

Overall, these studies certainly contribute to an improved validity of aneurysmal
haemodynamics simulation, thereby enhancing the clinical relevance of such

aneurysmal haemodynamic studies in the future.

7.2 Outlook

Several questions that have been raised from studies in this thesis could be considered

as future research directions, which include:

Chapter 7 — Conclusions and Outlook
-104 -



1952

1953

1954

1955

1956

1957

1958

1959

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

D

2)

3)

4)

Yujie Li, 2018.

More advanced settings for experimental methods can be adopted to study the
fluid flows. 3D PIV, which requires two high-speed cameras could provide 3D
planar velocity results, while a volumetric PIV measurement, which requires
four cameras, could further investigate the flow movement in the entire 3D flow
field. Besides, PCMRI performed with improved resolution, or using a scaled-up
aneurysm model with correspondingly adjusted flow conditions (like inflow rate,
Reynolds number, efc.) could help to precisely resolve a 3D flow field (even 4D
with the time frame) with more accurate details. Such results would contribute
to a more convincing comparison of the resolved flows between numerical and
experimental approaches, as the simulated flow results could be validated in a

more comprehensive scheme with both 2D and 3D results.

More patient-specific aneurysm models can be included. A larger sample size
consisting of different parent artery and aneurysm morphologies would increase
the range of flow complexities, thereby leading to a comprehensive examination
of the power of each fluid dynamic method when facing various flow fields.
Besides, flow-diversion efficacy affected by the aneurysm morphology can be
further discussed. This finding holds potential to contribute to the prediction of

treatment effects for aneurysms with specific morphologic characteristics.

More FD stent treatment scenarios can be considered in the calibration of PM
stent modelling. Since different wire structures resulting from various FD stent
treatment modes would lead to different resistance to the aneurysm inflow, the
derivation of a series of parameters for the PM model stent to replicate the flow
resistance would enhance the practicability and effectiveness of using PM
models in the simulation of flow-diversion efficacy. Porosity and pore density
are critical factors to describe stent wire structures: the correlation between them
and PM model parameters is therefore promising information to allow the PM
model to be broadly used in future studies, to assist the haemodynamic

simulation of aneurysms with a FD stent deployed.

More sophisticated PM stent model can be designed with consideration of the

inhomogeneous and anisotropic PM model parameters. Due to the interaction
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between the stent structure and the artery morphology, the actual wire structures
distributed across the aneurysm neck should be various and unevenly
distributed, leading to inflows in different directions affected by the local wires.
Thus, a PM stent model designed with inhomogeneous flow resistance and
anisotropic PM parameters could more realistically represent the local force

created by individual stent wire structures.

A comprehensive quantitative analysis of the shifts of flow distribution between
different flow-diversion treatment modalities, as well as between more advanced
CFD models considering the local resistance variations in the stents, would
provide useful information to optimise the CFD models for them to precisely
predict fluid flow behaviours, and thereby assist the clinics with more valid
evaluations. Therefore, more comprehensive quantitative comparisons could be
carried out between different modalities, especially for different flow-diversion
treatment scenarios and PM models with spatially-varying parameters. Results
like the point-to point comparison on numerous planes, the discussion on the
spatial shift of different velocity components and the velocity magnitude, etc.
could be included. This would lead to a more comprehensive analysis of the PM
model performance, as its parameters are variously specified according to

different flow-diversion treatment modalities.

The establishment of PM model for a specified FD stent deployment would be
an important work in the next step, as it would not only establish the
methodology for creating a customised PM model, but also provide useful
knowledge to build up the more advanced PM model with spatial-varying
parameters, as mentioned in Sections 6.4.3 and 7.2 (4). In addition, the shape of
the actual stent deployed in the blood vessel can also be captured and used for
the PM modelling in CFD simulation. In an actual stent deployment, the shape
of the stent after deployment is significantly affected by the morphological
characteristics of the blood vessel, like the curvature, tortuosity, variations in
diameter, etc., and this would lead to various flow-diversion effect of the stent,
as a gap between the stent surface and the parent artery wall may lead to

undesired leakage of blood flow into the aneurysm. Thus, research on this topic
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would contribute to the establishment of a PM model that can mimic both the
flow resistance created by the stent surface and the actual areas in the fluid field

that is blocked by the stent.

Following the method presented in Chapter 6 to derive the PM parameters for
FD stents, microCT scanning can be performed to capture the geometry of the
actual FD stent deployed in a phantom, after which the reconstructed stent model
can be used to numerically derive the PM parameters. A surface fitting method
could be used to create the PM model surface that has the equivalent shape to

the actual stent.

Another interesting topic is to establish the PM model for the coiling treatment
(refer to Section 1.1.4.2 Figure 1-2) using the same method mentioned in the
above paragraph. As both normal coiling and stent-supported coiling are
commonly used in clinical treatment, the PM coil model could enable a more
flexible and efficient CFD simulation for coiling treatment effect with
consideration of the individual treatment modality, and thereby assist the

surgical planning and treatment evaluation before and after a clinical operation.”
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Introduction

Background

Currently, stroke is one of the most dangerous disease threatening patient’s health and
life, which is significantly associated with IA and artery stenosis [83]. Stenosis may
create disturbance and flow separation, and consequently induce significant flow
resistance, large pressure drop, complicated flow pattern, disturbed WSS, and wall
motion patterns [84]-[86]. The use of CFD in the study involving aneurysm and
stenosis achieve significant findings [87], focusing on various shape and size of
aneurysms in complex configuration of parent arteries, stenosis severity with idealised

models and patient-specific models.

Current issue

Haemodynamics is thought to be an important factor in the pathogenesis and
treatment of intracranial aneurysms and stenosis [46], [91]. However, the
haemodynamic characteristics of the complicated arterial disease accompanied by both

stenosis and aneurysm have not been clearly investigated.

Purpose

The purpose of this study is to investigate the impact of complex morphologies on
aneurysmal haemodynamics, by simulating 7 idealised straight-vessel models (refer to
Section 2.4 for more details about the study with straight vessel model) and 14
idealised curved-vessel models. Specific attentions are paid to different severity of
stenosis, various distance between stenosis and aneurysm, and highly-curved parent

arteries in different curvatures.
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Materials and Methods

Geometry of stenosis and aneurysm

This study pays attention to blood vessels with both stenosis and aneurysm,
considering of the variation of the size and shape of the geometrical configurations.
Idealised models were created using 3D CAD software (Pro/ENGINEER Wildfire 4.0,
PTC, USA). Two groups of typical geometries were established: stenosis and aneurysm
located in straight vessels (refer to Section 2.4 for more details about the study with

straight vessel model), and stenosis and aneurysms located in curved vessel.

Morphological parameters of curved vessels with stenosis and aneurysm are as below:
The size of the semicircular curved vessel is different depends on its curvature. The
aneurysm locates at the apex of the convex side of the semicircular curve, with an
aneurysm in the maximal diameter of 8 mm. Two straight tubes (30 mm in length) have
been created at the opening respectively at the inlet and outlet of the semicircular
curved parent artery (see Figure AI-1). The diameter of the parent artery is 4 mm. An
outer cut at the vessel is created, which is regarded as the stenosis, at the upstream of
the aneurysm. The position of the outer cut varies with respect to different distance
between stenosis and aneurysm, and the diameter of the narrowed section is
determined by the stenosis ratio (defined as equation 2-7). The Dean number,

calculated with {Re*(D*C/4)"?}, where D is the diameter of the parent artery and C is

Aneurysm
Stenosis: :
30 %, 50 %, and 70 % < Curvature:
,// 0.05 mm ! and 0.08 mm
1 \ ‘-/
¥
P
v
-
% E
2 g
bR Outlet

Inlet
Figure AI-1 Sketch of geometry with stenosis and aneurysm in a curved vessel
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the curvature of the parent artery, ranges between 53 and 67 for the curved-vessel
models studied in this research, since the diameter is 4 mm and the nominated Re is
240 [6]. Hence, the curvatures and model settings in this research are considered to be
matched with the real environment in human body, as the typical Dean number ranges

from 10 to 200 in human intracranial arteries [146].

A variety of degrees of stenosis were studied to represent for mild stenosis (30%),

moderate stenosis (50%) and severe stenosis (70%) in patient cases [113] [147].

Meshing

Considering that mesh generation is a crucial procedure determining the simulation
accuracy, the meshes across all the models were performed under a standard protocol.
The entire fluid zone was discretised into tetrahedral elements with 3 boundary layers.
The maximal element size was defined as the smallest vessel diameter divided by 10,
in order to ensure that the fluid zone to be discretised into at least 10 elements even for
the narrowest cross-section. The entire fluid domain was discretised into about 1
million to 2 million elements across different cases. A mesh dependency test was

performed to assure the stability of simulation result with such mesh generation.

Fluid Simulation

Assumptions of Newtonian, incompressible fluid and laminar flow were determined
for the fluid, with the density specified as 1050 kg/m3 and the viscosity specified as
0.0035 Pa:s.

A steady condition was applied for all simulations. Velocity of 0.2 m/s was specified at
the model inlet with a Re of 240, within the range of Re in intracranial arteries (from
110 to 850). By this setting, the simulation was in good consistency with the assumption
of laminar flow in every grids within the fluid zone. Pressure boundary condition of 0
Pa was defined at the outlet. Stationary and no-slip condition was set on the model

wall.

The calculation was performed using a commercial solver (Ansys Fluent 14 Inc., USA)

based on FVM.
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Results

Curved vessel with aneurysm and stenosis

Flow pattern

According to fluid mechanics, a principle of flow mechanisms in straight vessel and
curved vessel is different. In the sidewall aneurysm model, flow in the parent vessel is
tangential to the aneurysm orifice and the stream in the blood artery is viscous shear-
driven flow. In curved-vessel models, the aneurysm sac is located at the convex side
of the parent artery, along the inertial path of the flow. The stream in the artery is

inertia-driven flow [6].

The inertia-driven flow created different results from straight blood vessels of flow
pattern along the artery, as shown in Figure AI-2. It illustrates the comparison of flow
pattern between 4 models with a same aneurysm existing after a moderate distance

from the stenosis. The different behaviours of flow were affected by different

Velocity v
O [m/s] 0 0.005 0.01(m) L
04 03 02 01 00 0.0025 0.0075 7 X

Figure AI-2 Aneurysmal flow pattern and reattachment length in different models: (a) C = 0.05
mm-1, 50 % (b) C = 0.05 mm-1,70 % (c) C = 0.08 mm-1, 50 % (d) C = 0.08 mm-1, 70 %
(curvature of parent artery, degree of stenosis)
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Figure AI-4 Maximal intra-aneurysmal velocity for models with different levels of stenosis and
patent artery curvatures

Aneurysm

Aneurysm
Inertial path

Parent artery

Direction of flow: along the centreline Direction of flow: towards the convex side |

(a) (b)

Figure AI-3 Sketch of the reattachment length affected by curvature of parent artery: (a) straight
vessel (b) C = 0.05 mm ' (c) C=0.08 mm !

curvatures of parent arteries and different degrees of stenosis. The 70 % stenosis
created a relatively stronger and higher velocity flow in the parent artery of all models.
The relatively stronger flow went along the inertial path of flow in the parent artery,
which was dominated by the inertial force. With the moderate distance between
aneurysm and stenosis, the relatively stronger flow became the aneurysmal inflow,
and created a relatively higher velocity in the aneurysm. From Meng’s result, the
momentum of inflow drastically increases by several orders of magnitude as parent
artery curvature increased from zero (straight vessel). They inferred that inertia-driven
force induce the aneurysmal flow by creating an inflow that was 103 to 104 times
stronger than the shear-driven flow [6]. In this research, the inflow was intensified

when the curvature of parent artery increased, and as well as when the degree of
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stenosis increased, as shown in Figure AI-3, which indicates the flow inside the

aneurysm is apparently affected by the geometric deformation of the blood vessel.

Also, from the comparison between the velocity in models with different curvatures in
Figure Al-2, it reveals that the reattachment length became smaller as the curvature of
parent artery increased. Because the flow in curved vessels is driven by inertial force,
the flow is more likely to run along the inertial path, so that the direction of the flow
tends to point out at the convex side of the artery, as shown in Figure Al-4. As for the
recirculation flow after the stenosis, the behaviour of reattachment flow was also
different from straight vessel affected by the inertial force. When the curvature of the
parent artery becomes higher, it is easier for the reattachment flow after the stenosis to
Reattachment

Length .= Reattachment
Length

~,
.
~

Reattachment
Length

Velocity
Y 0.4

0.3
1 0.2 \
0.1

0.0
[m/s]

() (d)

Figure AI-5 Aneurysmal flow pattern affected by vascular curvature and position of stenosis: (a) C
= 0.05 mm -1, moderate (b) C = 0.05 mm -1, short (c) C = 0.08 mm -1, moderate (d) C = 0.08
mm -1, short (vascular curvature, distance between stenosis and aneurysm)
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Figure AI-7 Intra-aneurysmal pressure (average value) change between models in different
artery curvatures: (a) C = 0.05 mm 1 (b) C = 0.08 mm !
arrive at the artery wall, as shown in Figure AI-5. Thus, the phenomenon that the

reattachment length became smaller as the curvature increased can be understood.

Since the reattachment length became smaller in the curved vessels, Figure A1-2 also
demonstrates that even in the case with severe stenosis, the reattachment flow was not
long enough to arrive at the aneurysm orifice when the distance between stenosis and
aneurysm was moderate, so that the reattachment flow did not affect the aneurysmal
flow pattern. However, when the distance between stenosis and aneurysm decreased
to adequate small, the recirculation flow extended to the aneurysm neck, as shown in
Figure AI-6, and the aneurysmal flow pattern was disturbed to multi-vortexes flow
pattern. Therefore, though the recirculation in curved vessel is not as large as that in
the straight vessel, the existence of severe stenosis may also impact the aneurysmal
flow pattern, provided that the distance between stenosis and aneurysm is adequate

small.
Pressure

Figure AI-7 shows the aneurysmal pressure change in different models. Pressure
changes in curved vessels were similar to that in the straight vessels, the aneurysmal
pressure decreased when the degree of stenosis increased from 30% to 70 %. However,
comparing to straight vessels, the curved vessels produced less noticeable decreasing
value. Between models with same severity of stenosis in different curvatures, the value
of the pressure change fluctuates in a close range. In the case of 70 % stenosis, the
aneurysmal pressure drop was about 248 Pa (2.41 mmHg) higher than the pressure

drop in the case of 30 %.
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Discussion

This study implemented the simulation of idealised models with a certain shape and
size of aneurysm on straight vessels with different degree of stenosis on various
positions, and also on curved vessels with two different curvatures. Many researches
have shown the flow pattern in parent artery with aneurysm to describe the normal
flow patterns inside the aneurysm [6,70]. Also, the phenomenon of flow recirculation
is an important characteristic of stenosis which has been discussed before [113,117,148].
Different morphologies of parent artery and degrees of stenosis may influence the flow
pattern in the artery, especially for the reattachment flow. No research has provided
the simulation result of model with an aneurysm exists after a stenosis in the parent
artery, however such kind of clinical cases exist [149]. Hence, the simulation of models
with both stenosis and aneurysm is necessary to be carried out to observe the unusual
and complicated flow pattern, especially when the stenosis is severe enough to create
a recirculation at its downstream. Result shows that the existence of stenosis and the
consequent reattachment flow influences the aneurysmal flow pattern depends on a

crucial factor —the distance between them.

Some limitations exist in this study because the use of idealised geometries, as the
smooth wall and the lacking of bifurcation may neglect the complexity of the
haemodynamics in the flow, since more CFD studies of blood flow intends to use
patient-specific models [150-152]. However, this study aims to examine the impact on
aneurysmal haemodynamics with the existence of pre-aneurysmal stenosis in different
size and positions. Comparing to the patient-specific model, the adoption of idealised
model intends to omit the undesired geometric complexities that could significantly
complicate the haemodynamic investigation [70]. Besides, the determine of boundary
conditions may significantly influence the simulation result, even for models with

similar morphologies.

Appendix 1
-127 -



Computational Modelling and Haemodynamic Investigation of 1As Before and After FD Treatment

Conclusion

To learn the different haemodynamics in the geometry with both stenosis and
aneurysm and study the influence to the aneurysm when a pre-aneurysm stenosis
exists which may threaten people’s health and life even more severely, numerical
simulation of idealised models of straight and curved blood vessels with both
aneurysm and pre-aneurysm stenosis have been studied, with altering the degree of
stenosis, the distance between stenosis and aneurysm and the curvature of parent
artery. The present study emphasizes the abnormal phenomenon in flow pattern and
increase of intra-aneurysmal pressure change affected by the existence of pre-

aneurysm stenosis.

Observing the flow pattern of all models, the reattachment length increases as the
degree of stenosis increases (refer to Section 2.4 for more details). Dominated by
inertial force, reattachment flow in curved vessel is obvious smaller than that of
straight vessel, and it tends to decrease as the curvature of parent artery increases. As
to artery with severe stenosis and short distance between stenosis and aneurysm, the
flow pattern may become multi-vortexes flow pattern when the reattachment flow

extends to the aneurysm neck.

Because of the existence of stenosis, the intra-aneurysmal pressure shows a trend of
decrease. As the degree of stenosis becomes severe, the decrease of intra-aneurysmal
pressure increases. In other words, the treatment of pre-aneurysm stenosis may create
higher pressure condition to the aneurysm which should be taken into consideration

in further studies as well as the clinical research.
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Appendix II
In-plane Vortex Centre Measured by
PIV and CFD in Chapter 4
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Table AII-1 Vortex difference between measurement by PIV and CFD in Chapter 4

Horizontal
Flowrate Plane Method Vertical Difference
Difference
CFD 4 mm further right
150 X2 Similar
PIV
CFD 1.7 mm higher
X1 Similar
- PIV
c
o
n 4.5 mm further
> CFD .
250 X2 right Similar
PIV
CFD 1.5 further left
X3 Similar
PIV
2.5 mm further
CFD .
250 X2 right Similar
= PIV
)
4.3 mm further
CFD .
400 X2 right Similar
PIV
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Appendix III

Absolute value of MFR and EL
for untreated cases

in Chapter 6
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Table AIII-1 Absolute values of MFR and EL for the untreated cases in Chapter 6

Flow Rate Aneurysm A Aneurysm B

[mL/min] MER [kg/s] EL [kgm?/s?] MER [kg/s] EL [kgm?/s?]

150 2.72E-03 1.87E-05 5.02E-03 8.16E-05

250 4.88E-03 1.02E-04 9.83E-03 4.16E-04

400 8.31E-03 4.27E-04 1.81E-02 1.83E-03
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