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ABSTRACT

ABSTRACT

In North America, annualy, there are 28,000 people who suffer stroke from ruptured cerebra
aneurysms. In order to prevent this rupture, endovascular stenting is sought as a new and minimally
invasive treatment paradigm. The placement of a stent across the neck of an aneurysm has the
potential to ater the hemodynamics in such away asto induce self-thrombosis within the aneurysm
sac, stopping its further growth and preventing its rupture. However, no quantitative data on stent
design parameters and the corresponding effect on hemodynamics is available. This study, hence,
focused on quantitative understanding and characterization of flow through non-stented and stented
aneurysm models using Computational Fluid Dynamics (CFD) analysis. An Equivalent Stent
Modeling (ESM) methodology, for numerical simulation of flow in stented aneurysms, was devised.
Through resistivity coefficients, a ‘momentum sink’ was specified at cell layers at the aneurysm
neck to simulate the effect of a stent. After validating the ESM methodology by Digital Subtraction
Angiography (DSA) images, it was applied for studying the effect of various stent design

parameters, including those that do not exist for commercially available stents.

The application of ESM methodology showed almost a linear reduction in flow activity inside an
aneurysm with decreasing stent porosity. Intra-aneurysmal residence time was found to increase
exponentially with decreasing stent porosity. Further studies are necessary to correlate
hemodynamics with intra-aneurysmal thrombosis and to determine the optimum stent parameters
for intracranial applications. The results show that design and development of such optimised stents

may provide a promising treatment for the selected cerebral aneurysms.
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INTRODUCTION

1. INTRODUCTION

Cerebral aneurysms are a form of cerebrovascular disease

characterized by ballooning of the vessel wall as shown in

Fig.1.1. Most of them are small, but some may enlarge,
! rupture and result in subarachnoid hemorrhage (SAH), the

most severe form of stroke. Cerebral aneurysms are found in

approximately 1-8% of the population and 90% of these cases

Figure 1.1 Angiogram showing areal

aneurysm result in SAH [Sadasivan '02]. Nearly half of these cases will

result in death and many more will result in severe neurological deficits despite the best medical

and surgical interventions.

There are two methods currently practiced for treatment of cerebral aneurysms: surgical clipping
and endovascular techniques. Surgical clipping involves opening the skull and placing a titanium
clip across the neck of an aneurysm to exclude it from the circulation [Issam ’95]. Although
surgical clipping is successful at occluding the aneurysm from the circulation, it is extremely
limited by aneurysm location and poses the patient to severe risk. On the other hand, endovascular
techniques are aform of treatment that accesses the cerebral aneurysm via micro-catheters through
the arteries. They include ddlivery of balloons, liquid embolics, coils, sents, or a combination of
them in order to promote thrombosis within the aneurysm sac, thus occluding it from the blood
flow. This form of an intervention is becoming more commonly used as it is less invasive, enables

clinicians better access to more aneurysms and subjects the patient to less risk.
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1.1. Maotivation

The currently practiced treatments for cerebral aneurysms suffer from certain drawbacks. Surgical
clipping is an invasive surgery and is associated with high rates of morbidity and mortality.
Balloon and liquid embolic endovascular occlusion are not favored as they are associated with distal
migration, which result in blockage of the parent vessel. Coiling, the most commonly used
endovascular treatment, involves packing the aneurysm sac with numerous platinum coils.
Although this method is successful for smal aneurysms, it is not suitable for larger, wide necked
aneurysms, which form the majority of cases requiring treatment. In the later situation, there isthe

risk of coil migration into the parent vessel, which could cause stroke.

To prevent the coil migration from the aneurysm sac, clinicians have been placing coronary stents
across the aneurysm orifice. This method has been successful in
restricting the coils to the aneurysm sac. Intravascular stents [Fig. 1.2]

were initially developed for use in the prevention of recurrent stenosis

after tranduminal angioplasty in the peripheral and coronary
Figure 1.2 Intravascular stent
circulation. Due to the success of stent-assisted coiling, researchers are now studying a stent as

potential stand-alone treatment.

The placement of a stent in a cerebral artery across the
orifice of an aneurysm has the potentid to ater the
hemodynamics in such a way as to induce self-

/4-
{ e {.,,, ¥ thrombosis within the aneurysm sac, stop further

Figure 1.3 Flow disturbed by a stent placed acr oss
aneurvysm orifice

growth and prevent rupture. Figure 1.3 shows a
disturbed flow after placement of a stent across the

aneurysm neck as compared to coherent vortex flow
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within non-stented aneurysm [Imbesi ’01]. Furthermore, the porous nature of a stent will keep the
adjacent perforating vessels patent even after the stent is deployed [Issam '95]. Thus, ‘intracranial

stenting’ isanovel, minimally invasive and promising treatment paradigm for cerebral aneurysms.

1.2. Objective

The objectives of this study are to develop a computational methodology for simulating the
hemodynamic effect of different sent parameters such as porosity and pore size and to obtain a
quantitative understanding and characterization of flow. The previousin vivo and in vitro, aswell as
numerical studies in this regard, indicate that the stents are able to either reduce the intra
aneurysmal flow and/or permanently occlude the aneurysms [Aenis '97, Lieber '97, Yu 99,
Geremia '00, Benndorf '01, Lieber ’'01]. However, few studies have evaluated the stent
performance, which is done by characterizing the flow field [ Barakat ' 00, Berry '00]. These studies
do not quantify the effects of varying stent parameters and thus are insufficient in providing
concrete evidence that supports stenting as stand-alone treatment. Due to the need for quantitative
analysis of the stent parameters and their effect on the aneurysm flow field, a new computationa
methodology, Equivalent Stent Modeling (ESM), was developed for modeling and characterization
of the flow through stented aneurysms. Through the use of the ESM methodology, hemodynamic
parameters such as percentage reduction in intra-aneurysmal flow, particle residence time etc. can
be evaluated in a quantitative manner. This kind of characterization provides better understanding
of the effect of stenting on hemodynamics and helps draw cause and effect correlation for intra

aneurysmal thrombosis.
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2. HEMODYNAMICSOF CEREBRAL ANEURYSMS

Hemodynamics is a study of the forces involved in the circulation of blood i.e. hemodynamics

concerns the physical factors governing blood flow within the circulatory system.

Hemodynamic parameters are believed to be responsible for aneurysm initiation, growth and
rupture [Steiger '90]. The important hemodynamic parameters include pulsatile nature of blood
flow, blood pressure and wall shear stress. These fluid mechanical forces also intricately regulate
structure and function of endothelial cell layer, the innermost layer of a vessel wall [Barakat '00].
Aneurysm and parent vessel geometry, neck size, blood viscosty, wall elasticity etc. affect the
hemodynamics of cerebral aneurysms. However, in large vessels, wall elasticity, hon-Newtonian
viscosity, durry particles in the fluid, body forces and temperature are often neglected because of
their secondary importance [Wootton '99]. A justification for neglecting some of these factorsis

giveninthis chapter.

Hemodynamic Parameters

2.1.1. Pulsatileflow

Pulsatile nature of blood flow dominates many of the problems in the cardiovascular sysem. The
existence of such unsteady flow forces the inclusion of a local acceleration term in most anal yses
[Wootton '99]. The studies incorporating pulsatile flow reveal characteristic features of the

cardiovascular system.

For example, Fukushima et al. [Fukushima ’'89] carried out aneurysm flow experiments as well as

two-dimensional simulations. They determined that in the unsteady case, as the flow velocity
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increased, center of an intra-aneurysmal vortex moved from proximal end to disal end of an
aneurysm. During a period of the cardiac cycle, transient reversal flow occurred, which caused the
vortex to appear and disappear. The study concluded that pulsatile flow produced a flow pattern that
was quite different than the steady flow. Fukushima and Azuma [Fukushima ’82] studied the
pulsatile flow in arterial models with an asymmetric stenosis. They determined that the presence of
an oscillatory component in the flow velocity altered the steady flow pattern. A pair of vortices
behind, and a horseshoe vortex in the front of the stenosis characterized the pulsatile flow pattern. A
similar study by Taylor et al. [ Taylor *94] showed periodic changes in the location and width of the

above-mentioned horseshoe vortex.

The fluctuations in blood flow pattern prior to and after the formation of an aneurysm are of critical
importance. Ultimately, they can induce vibrations of the aneurysm wall that contribute to
progression and eventua rupture [Ortega '99]. Therefore, it was necessary for the present CFD
study to capture the pulsatile flow dynamics, which was done using physiological velocity

waveform in a basilar artery.

2.1.2. Blood pressure

Transmural pressure across the thickness of awall greatly influences cell and vascular remodeling.
The transmural pressure is defined as the intra-luminal pressure minus the extra-luminal pressure.
This pressure induces circumferential stress, referred to as Hoop stress. This can be estimated by

Laplace' s law as:

s =0.5P>Dx ! [2.1]

It is possible that the primary determinant of smooth muscle cell response is the local strain due to

the Hoop stress acting on these cells. From equation [2.1], as the blood pressure increases, the Hoop
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stress will proportionally increase. As a consequence, the arterial wall may remodel in response to

the elevated Hoop stress by secretion and organization of collagen and elastin [ Wootton ' 99] .

A study by Austin et al. [Austin '89] showed a reproducible relationship between aneurysm
pressure and volume. This nonlinear relationship was described by an N-shaped pressure-volume
curve. Increased pressure surges produced a linear increase in volume starting at the neck, until a
threshold pressure was reached at a high nonlinear compliance. At this point there was an abrupt
jump in volume to a new stable equilibrium. A gradual further linear increase in aneurysm pressure
could eventualy result in aneurysm rupture, which always occurred in the thinner and more

compliant part of the wall [Augtin’89].

2.1.3. Wall Shear Stress (WSS)

The endothelial cells, an innermost layer of a vessel wall, sense and respond to the blood wall shear
stress (WSS). The WSS aso modulates diameter adagptive responses, intimal thickening and platel et
thrombosis. The WSSis thus central to the vascular response to hemodynamics. An increase in flow
causes dilation of the artery until the WSS reaches the baseline level of the artery. This baseline

level is thought to be 15-20 dyne/cm? for human arteries [Wootton ' 99] .

The WSS is a product of the shear rate, g, (velocity gradient) at the wall and the fluid dynamic

viscosity, m Shear stress for alaminar steady flow in astraight tube is

_32>xmq

t
p>D3

[2.2]

This approximation is a reasonable estimate of the mean WSS in arteries [ Wootton '99].
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On a histological level, aneurysms are formed by damage to endotheium and interna elastic
lamina, believed to be caused by high levels of shear stress [Ortega '99]. The endothelial cdls
exposed to large spatial gradients of shear stress migrate away from these gradients, while cells
exposed to relatively small shear stress gradients do not exhibit such behavior [ Depaola '92]. Thus,
the elevated leves of shear stress affect the integrity of the endothelial cell lining of blood vessels,

contributing to weakness of the wall, and thereby to rupture of the vessel [ Atkinson *01].

2.1.4. Oscillatory Shear Index (OSl)

The intima of a vessel wall is thought to be much more susceptible to an oscillatory shear stress
than to a unidirectional shear stress[Gonzalez’92]. The WSS can vary greatly due to different flow
separation and reattachment points at different phases of the cardiac cycle. An Oscillatory Shear

Index (OSl) characterizes such temporal variation of WSSand is defined as[He '96] :

& | N 0
xdt| £
E g
OSI:Egl- q—* [2.3]

T

zg Q|tw|><dt§

where T is duration of the cycle, and t,, is the instantaneous WSS vector.

A combination of low mean WSS and high oscillatory shear stressis aso believed to be alocdizing

factor for platelet adhesion and aggregation [ Friedman *81, Ku '85, Berry '00] .

2.1.5. Residencetime

In vitro pulsatile flow visuaization and clinical angiography studies have revealed that several
pulse cycles were required to clear either ‘particle or ‘dye’ from the region of recirculation in

saccular aneurysms. In such regions of recirculatory flow where low shears are present, there exists
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adelay in dye or particle cleaning, which could be referred to asincreased residence time. This also
implies that the duration of exposure to circulatory thrombogenic particles or to conditions favoring

diffusion or entrapment of such particlesisincreased in low shear regions [Burleson ' 96].

Increased residence time may potentially induce thrombus formation in cerebral aneurysms
experiencing recirculation-type flow. Thromboss in such aneurysms is actually thought to depend

on three main factors [ Burleson ' 96] :

Theturnover rate or residence time

The clotting tendency of the blood

The surface thrombogenecity.

The intra-aneurysmal turnover rate isitself highly dependent on the geometric relationship between
parent artery, aneurysm location and factors such as flow rate in parent artery, neck size, aneurysm
volume and elasticity [Black '60, Hashimoto '84]. For a given rate of inflow into the aneurysm,
flow velocity in the aneurysm decreases with increasing volume of the sac. Thus, blood remains
within the chamber for longer periods of time. The outcome is high particle residence time in the

aneurysm, which favors thrombus formation [ Burleson ' 96] .
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2.2. Geometric Parameters

Geometry is a significant mediator of loca magnitudes of stress [Burleson ’'95]. The geometric

parameters associated with cerebral aneurysms include:

2.2.1. Aneurysmsize

Aneurysm size is both theoretically and empirically a key prognostic factor for rupture. However,
the critical size at which an aneurysm becomes hazardous is unknown [ Kassel '83]. Severa in vivo
studies have been conducted on cerebra aneurysms so as to determine the critical size. In a study by
Kassel and Torner [Kassel '83], the angiographic size of aneurysmsin 1092 patients was measured.
The results found that 71% of the sacs were smaller than 10 mm and 13% were less than 5 mm in
diameter. These data suggested that aneurysms greater than 5 mm in diameter were hazardous and
treatment should be considered immediately. A study by Weir et al. [Weir '02] on 22-ruptured
aneurysms showed that all aneurysms with diameters greater than 4 mm contained ruptured points
in their domes. These studies enhance the importance of aneurysm size. The present computational
analysis uses aneurysm sizes, which are in range of critical values suggested by such kind of studies

and by our neurosurgeons.

2.2.2. Dome-to-Neck ratio

The dome-to-neck ratio for an aneurysm is defined as the ratio of aneurysm diameter to major
diameter of neck. For a given aneurysm size, this ratio is important as the neck size is a factor in

limiting blood flow into and out of the aneurysm.

A study by Ujiie et al. [Ujiie ’01] showed that an ‘aspect ratio’ of more than 1.6 predicted at least

80% aneurysmal rupture. They defined the *aspect ratio’ as aratio of aneurysm depth to aneurysm
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neck width. An aspect ratio of 1.6 corresponds to dome-to-neck ratio of 1.75, assuming a spherical
aneurysm. The ruptured aneurysms, even those that were less than 10 mm in size, showed an aspect
ratio of more than 1.6 [Ujiie '01]. The study suggests that the aspect ratio (or dome-to-neck ratio)
may become a reliable index for predicting aneurysmal rupture. It can further help accurately
analyze the operaive indications for performing surgery on incidentally found unruptured
aneurysms. This study by Ujiie et al. motivated the present computational analysis to examine the

effect of an ‘aspect ratio’ or dome-to-neck ratio on intra-aneurysmal flow.

2.2.3. Parent vessel curvature

Anatomically cerebral arteries are seldom straight. Saccular aneurysms are found to initiate along
the cavernous segment of the intracranial arteries. Depending upon their location, they are termed as
lateral, bifurcation or terminal aneurysms [ Massoud '94]. The curvature of the parent vessel causes
recirculation zones at the inner wall while ssmultaneoudy skewing the velocity profile towards the
outer wall due to centrifugal forces. A Particle Tracking Velocimetry (PTV) study by Liou and Liao
[Liou '97] evaluated flow fields in lateral aneurysm models arising from different parent vessel

curvatures. The study concluded:

Aneurysmal inflow velocity and angle increase with increasing curvature of the parent

vessal.

Intra-aneurysmal flow velocity, vorticity and levels of WSS increase with increasing

curvature of the parent vessel.

Levels of intra-aneurysmal velocity and WSS are found to strongly correlate with the parent

vessel curvature in the aneurysmal symmetry plane but not in the cross-sectional plane.

10
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A numerical study by Hoi et al. [Hoi '02] showed that for an aneurysm with curved parent vessel,
flow impinges the distal neck and enters the aneurysm violently, causing both the pressure and
shear stress at the distal neck to increase. High-pressure and high WSS zones at the distal neck
expand with the increasing parent vessel curvature. The worst-case scenario was found for a model
with the smallest radius of curvature. The same model was used for the present computational

analysis.
2.3. Flow Parameters
The flow parameters affecting the hemodynamics of cerebra aneurysms include:

2.3.1. Viscosity

Blood is a non-Newtonian fluid in which the viscosity decreases with increasing shear rates. The
consequence of this fact is that the flow velocity profile in arteries is blunter than for Newtonian
fluids. Blood flow velocity is relatively uniform near the arterial axis and decreases quite suddenly
near the walls. The non-Newtonian property profoundly affects flow in small size vessels such as

arterioles and capillaries while in large caliber vessels the effect is not as prominent [ Steiger *90].

Blood, while exhibiting prominent non-Newtonian behavior at very low shear rates, behaves as a
Newtonian fluid at shear rates larger than 100 s™. The shear rates in the arterial system are typically
considered larger than this value [Barakat '00]. The non-Newtonian behavior of blood is limited to
conditions of very low shear rates or very small vessels (diameter < 0.1 mm). These conditions are
seldom present at the location of aneurysms, athough regions of low shear rate can occur within the

aneurysm itself.

For characterization of the viscous non-Newtonian contribution in blood flow, the Yield number is

often used. The Yield number, Y, for fully developed flow is defined as

11
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252 R
Y= ——
kiU,

[2.4]

where ko and k; are constants, R is tube radius and Uy is time-averaged and space-averaged inflow
velocity. For high Yield numbers the non-Newtonian influence is large, whereas Y = 0 corresponds
to Newtonian behavior. From equation [2.4] it is obvious that for a given fluid, the ratio 2R/Ug is
important for the non-Newtonian influence. For blood flow in large arteries thisratio is rather small
[Perktold ' 89]. For example, using ko = 0.54 and k; = 0.2 from the study by Perktold et al. and R =
1.540° m, Uy = 0.15 m/s from the present study yields Y = 0.1458. With the Yield number being

small, it is reasonable to assume blood as a Newtonian fluid for this study.

A study by Perktold et al. [Perktold '89] considered a large artery model under physiological flow
conditions where the Yield number was relatively low. The comparison of non-Newtonian and
Newtonian results indicated no essential differences for the occurring high shear rates. By
considering these facts, the non-Newtonian viscosity formulation for fluid was not consdered in the

present study.

2.3.2. Compliant wall

Several groups have used computational fluid dynamics to study the effects of wall elasticity and
non-Newtonian viscosity. These effects are small in comparison with the anatomic and flow
variations between patients [Wootton "99]. A study by Steinman [Steinman 93] showed only 5-
10% reduction in peak WSS values for aflow in 2-D end-to-side anastomosis model with distensible
wall. A study by Low et al. [Low ' 93] showed that the global structure of the flow and stress pattern

was similar for both compliant and non-compliant wall aneurysms.

12
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The cerebrd arteries are considered to be less distensible than large systemic arteries. Moreover,
cerebral aneurysm walls are less distensible than cerebra arteries. A rigid vessel wall assumptionis
acceptable for local flow investigation in large arteries [ Perktold ' 88, ' 89]. Hence, the effect of wall

digensibility was neglected in the present study.

2.4. Summary and Discussion

The parameters affecting the blood flow dynamics can be listed in terms of their dominance as:
aneurysm and parent vessel geometry, pulsatality, wall distensibility and non-Newtonian properties
of blood. The geometric parameters strongly affect the hemodynamics of cerebral aneurysms. The
important geometric parameters include aneurysm size, dome-to-neck ratio and curvature of parent
vessel. Due to the complex nature of cerebral aneurysms, it is important to understand the
relationship between the geometric parameters and the hemodynamic stresses. This quantitative

analysisisaso crucia in order to effectivel y assess and treat this devastating disease.

13
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3. COMPUTATIONAL FLUID DYNAMICSANALYSIS

As seen from the literature study, hemodynamic parameters play an important role in formation,
growth and rupture of cerebral aneurysms. These parameters, hence, need to be quantified for
different aneurysm geometries. A Computational Fluid Dynamics (CFD) analysis was used for
quantitative understanding and characterization of the hemodynamic parameters for three-
dimensional key generic aneurysm geometries. The CFD analysis can be divided into three parts;

pre-processing, numerical set up, and post processing.
3.1. Preprocessing

3.1.1. Geometry

The 3-D key generic aneurysm geometries considered in this study are divided into two types:
Sidewall aneurysm model with straight parent vessel
Sidewall aneurysm model with curved parent vessel

Each geometry file was created using either ProE* or Gambit* and was imported in Gambit® for
mesh generation. The dimensions chosen for these geometries were from literature study and
recommendations by our neurosurgeons. Figures 3.1 and 3.2 show the geometric dimensions in

detail.

14
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Figure 3.1 Four views of sidewall aneurysm model with straight parent vessel

s :@:
—| |—

Figure 3.2 Four views of sidewall aneurysm model with curved parent vessel

3.1.2. Mesh generation

Commercially available software, Gambit®, was used for mesh generation. Gambit* meshes the
geometry with specified parameters. Thus, the physical domain was divided into a number of
simply shaped regions or elements, which are referred to as ‘ computational domain.” The elements

congtituting each computational domain included prisms, hexahedrons and tetrahedrons. Thus, the
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mesh type was ‘hybrid.” The mesh was refined near the wall, as to resolve high velocity gradientsin
that region. Mesh refinement over the entire domain was carried out in order to obtain a numerical

solution independent of a grid.

Figures 3.3a and 3.3b show computational mesh for aneurysm models with a straight parent vessel

and a curved parent vessel.

Inlet

@ Outlet (b) Outlet

Figure 3.3 Mesh for sidewall aneurysm modelswith a) straight and b) curved parent vessel

3.2. Numerical setup and solution strategy

3.2.1. Governing equations

The governing equations for the flow field considered were the conservation of mass and the
conservation of momentum. The conservation of mass applied to an incompressible fluid passing

through an infinitesmal, fixed control volume yields the following equation of continuity:

The Navier-Stokes equations, which describe the conservation of momentum of a fluid passing

through an infinitesmal fixed control volume, are:
r9—+g>¢§199:-l§| p+Nx [3.2]
p _
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For anincompressible, Newtonian fluid, the momentum equations simplify to
r —+g>d§|99:-N p+mu [3.3]
4]

The energy conservation law was not applied because the flow was considered isothermal and

incompressible.

The solution to above set of equations was executed numerically by Finite Volume Method using

STAR-CD?, commercially available CFD software from CD-Adapco.

3.2.2. Flow and boundary conditions

The analysis was carried out using a constant fluid density of 1056 kg/m®. At relatively high shear
rates in the large arteries, the viscosity approaches to a representative constant value of 0.0035

kg/[m>s] [Aenis’97]. The same value of dynamic viscosity was used in this study.

The inlet and outlet boundaries are marked in figure 3.3. A parabolic velocity profile, with a
maximum velocity of 0.3 m/s, was specified a the inlet for steady state analysis. It gave an inlet
mass flow rate of 1.12540° kg/s. The Reynolds number for steady flow was 137. A time
dependent, parabolic velocity profile was specified for pulsatile flow simulation. Fig. 3.4 shows a
variation of average inlet velocity with respect to time. This in vivo velocity was measured at a
patient’s basilar artery by phase contrast MRI technique by a research group at University of
[llinois, Chicago. The in vivo data was fitted by a curve using Fourier series expansion for use in

CFD simulation. The waveform was congtituted by the first six terms of the Fourier series given by

6
Vavg(t) =30+ Q an *cospunt - f ) [34]
n=1
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The maximum and minimum Reynolds number during a pulse cycle were 310 and 174,
respectively. A time and space averaged Reynolds number was 230. The cycle time was 0.75 sec.

and the Womersley number, a, based on radius of parent vessel was 2.38.
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Figure 3.4 Variation of maximum axial velocity with respect totimeat inlet

3.2.3. Solver parameters

Solution control parameters have a strong influence on the progress of the anaysis. Hence, it is
important to have a basic understanding of their significance and effect during a computational run.
STAR-CD? employs implicit methods to solve the algebraic finite-volume equations. In implicit
method the second derivative term in partial differential equation is approximated by variable
values at (n+1)" time step. As a result, three unknowns appear in the difference equation and the
algebraic formulation requires the simultaneous solution of several equations involving the
unknowns. On the other hand, for an explicit method variable values at n™ time step are used which

yields only one unknown in partial difference equation [ Tannehill *97].
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The advantages of implicit methods are:

In steady state problems, implicit methods can be accelerated either by sacrificing temporal

accuracy or by entirely dispensing with temporal derivatives and iterating to the steady state.

In unsteady flow calculations, the allowable size of computational time step is limited
mainly by tempora accuracy considerations and not by the severe stability constraints

characteristic of explicit approaches.

A conventional approach, which uses an iterative method employing under-relaxation factors, was
used for steady state solutions. The solution method for steady state problems used ‘SIMPLE’
solution algorithm and the solver typewas ‘ Scalar.” The under-relaxation factor for U/V momentum
equation was 0.7 and that for pressure was 0.3. The transient solution method for pulsatile flow
simulation used maximum of 20 corrector stages. The reduction in residual for corrector stages was
0.25. The under-relaxation for pressure correction was 1; the solver type being ‘ Scalar.” Both steady

state and pulsatile anal yses used 1 order upwind differencing for spatia disretisation.

For pulsatile flow, advanced transient option in STAR-CDa with atime disretisation of 0.005 sec.
was used. The simulation was started from zero flow field values within the whole computationa
domain, except at the inlet. The duration of a complete flow pulse was 0.75 sec. This gave 150 time
steps per pulse. It was necessary to ensure that initial conditions had no influence on the computed
results. Hence, a total of 310 time steps or 2 complete flow cycles were computed. Nonetheless,
only the lagt flow cycle (from 0.75 sec. to 1.5 sec.) was used for post processing. The time steps
marked by bullets in Fig. 3.4 were only stored for post processing. The simulation was further run
for 4 complete cycles. The results of peak WSS and WSS digtribution along the aneurysm were

identical for second, third and fourth cycles.
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3.3. Post processing

Post processing is an essential part of any CFD work and was carried out using STAR-CD?. The
cell data was used for plotting the velocity vector field. The vertex data was used for plotting
pressure and WSS values. More information on post processing can be found in STAR-CD?'s User

Guide.
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4. RESULTS: NON-STENTED ANEURYSM MODELS

4.1. Sidewall aneurysm model with straight parent vesse

4.1.1. Veocity

Figure 4.1 shows the velocity vector field in the symmetry plane X” = 0. As expected, the velocity

profile inside the parent vessel was parabolic before flow entered the aneurysm (Fig. 4.14).
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Figure4.1 Vdodity vector field in symmetry planeX” =0

As seen from Fig. 4.1b, the steady inflow into the aneurysm was at the distal neck. Only about
3.7% of inlet flow entered the aneurysm and was contained to distal and 1/3 of neck region. The
flow into the aneurysm is shear-driven. The intraaneurysma flow was characterized by a
counterclockwise rotating coherent vortex. As seen from Fig. 4.1, the flow activity inside the

aneurysm (without any stent itself) was an order magnitude smaller than inside the parent vessel.
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4.1.2. Pressuredistribution

The pressure varied linearly across the parent vessel. The intra-aneurysmal pressure was more or
less constant; except for asmall pressure rise at the distal neck region. This pressure rise was due to

stagnation of impinging flow in that region.

4.1.3. Wall shear stress

The WSS was constant (~1.4 N/m?) along the parent vessel before flow entered the aneurysm. Fig.

4.2a shows the WSS along the aneurysmal wall. These values of WSS are much smaller as
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Figure4.2 Wall shear stressdistribution at a) aneurysm dome and b) distal neck region

compared to the parent vessel WSS, However, it was interesting to note that WSS along the parent
vessel increased dramaticaly just after distal neck region (Fig. 4.2b). The maximal value of WSS

was more than double the value along the parent vessel.

The overall WSS distribution showed that the constant WSS along the parent vessel went to negative
values as the flow entered the aneurysm region. The WSS increased in a negative direction, reached

a negative maximum and again attained positive values. Just after the distal neck region, it reached
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its positive peak value. The variation of WSS from negative to positive values indicated that the

aneurysm wall and parent vessel wall were stretched apart at the distal neck region.

4.1.4. Effect of aneurysm size and dome-to-neck ratio

The role of aneurysm size in the development of lateral saccular aneurysms has seldom been
documented in terms of in vitro quantitative measurements [Liou '99]. A CFD analysis was carried
out in order to better undersand the effect of aneurysm size and the dome-to-neck ratio on

hemodynamic parameters.

Each computational model used under this specific study consisted of alateral aneurysm ona3 mm
diameter tube representing a large artery. The aneurysm size (D) varied from 8 mm, 16 mm to 24
mm corresponding to ‘smal’, ‘large’ and ‘giant’ aneurysms, respectively. The neck size (N),
defined as the major axis length of the orifice, was varied as to get dome-to-neck ratios (D/N) of
4:1, 2:1, 1.5:1 for each aneurysm size. The values selected for D/N were based on a statistical study
by Ujiie et al.[Ujiie '01]. The study showed the critical value of the aspect ratio to be 1.6 (or D/N

ratio of 1.75) from aneurysm rupture point of view.

Sze Effect: The flow field results showed that as the aneurysm size increased from ‘small’ to
‘giant’, for constant dome-to-neck ratio, the inflow angle into the lateral aneurysm remained almost

congant (Fig. 4.3). The flow activity inside an aneurysm decreased with increase in size.
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Figure 4.3 Size Effect: Intra-aneurysmal flow field for a) ‘small’, b) ‘large’ and c) ‘giant’ aneurysms
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Dome-to-neck ratio effect: From Fig. 4.4, as the neck size increased for a given dome size, the flow
activity inside the aneurysm increased. It was aso observed that for D/N of 4:1, the intra
aneurysmal vortex was the weakest for all aneurysm sizes.
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Figure 4.4 D/N Effect: Intra-aneurysmal flow field for ‘small’ aneurysm with D/N of a) 4:1, b) 2:1 and c) 1.25:1

The WSS reaults showed that the dome area affected by higher values of WSS increased with
decreasing D/N ratio. Figure 4.5 demonstrates this effect for the ‘large’ aneurysm model with

varying D/N ratios.

The results also showed that in each case the location of maximum WSS was on the artery, near the
diga neck. Fig. 4.6 showsthat the region affected by high WSS increases with increasing neck size.
It is interesting to note that the maximum value of WSS increases first and then decreases with a
decrease in the D/N ratio. Simultaneously, the wall developed two ‘hot spots’, regions where WSS

was maximal.
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Figure 4.6 D/N Effect: WSS near distal end for ‘small’ aneurysm models

The trend of WSS distribution as shown in Fig. 4.5 and Fig. 4.6 was found to be consistent for all

given aneurysm sizes.
4.2.  Sidewall aneurysm model with curved parent vessel

4.2.1. Veocity

The velocity profile inside the parent vessel was parabolic before flow entered the aneurysm.
Figures 4.7a and 4.7b show the velocity vector field inside an aneurysm at symmetry plane X = 0

and at cross-sectional plane Z" = 0, respectively.

0.3000 R 0zzoo
0.2766 Tl IiIiiiiniiiT — 02043
n.z571 rotoon LIl — (01886
0.2357 . N 01729
nz143 01571
01329 01414
01714 01257
01500 01100
01286 0.9429E-01
01071 B T 0.7857E-01
0.8571E-01 06ZARE-01
0.6423E-01 : 04714E-01
n4286E-01 - T 0.3143E-01
0.2143E-01 01571E-01
0.0000E+00 T nnnnngeqq
m/s m/s

N

" N
SRINARNAANNY Y

R NN
B

AR
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As seen from Fig. 4.7a, the steady inflow into the aneurysm occurred at an angle with strong
impingement on distal aneurysmal wall. Around 71% of the arterial flow entered the aneurysm and
was contained to centra and dightly distal neck region. This flow entering the aneurysm is
pressure-driven. As seen from Fig. 4.7b, the flow after entering the aneurysm, reversed, went

along the dome and exited through orifice along the walls.

4.2.2. Pressuredistribution

Asshown in Fig. 4.8a, the intra-aneurysmal pressure was more or less uniform. A risein pressure a
the distal part of the aneurysm was seen where flow impinged on the aneurysm wall. This increase
in pressure is not significant as compared to the absolute vaue of pressure. However, the pressure
difference between intra-aneurysmal stagnation pressure and the outside pressure may be significant

enough to cause an imbaance of forces acting on aneurysmal wall.
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Figure 4.8 Intra-aneurysmal a) Pressure and b) WSS Distribution

4.2.3. Wall Shear Stress

Figure 4.8b shows WSS distribution for this geometry. The maximum WSS was found to be at the

distal neck region. This maximum value (9.4 N/m?) was 6.7 times the value along the parent vessel.
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4.3. Pulsatileflow ssimulation

Figure 4.9 shows pulsatile flow field results for a sidewall aneurysm model with curved parent

vessel at different time instants.
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Figure 4.9 Veaocity vector field for pulsatile flow simulation

For this type of key generic or idealized geometry, the flow field and the vortex pattern at any
ingant of time were similar. This was because the velocity waveform at the inlet did not show
sudden acceleration or deceleration and there was no reversed flow during the cycle. The maximum
WSS over a cycle followed the same waveform as that of the inlet velocity. The effect of cyclic
stresses on intra-aneurysmal growth and/or rupture was not considered and was beyond the scope of
this study. These observations taken together suggest that in this case the effect of velocity

magnitude was of primary importance as compared to the effect of change in velocity with respect
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to time. Hence, only a steady state analysis was carried out for studying the effect of varying stent

parameters for asidewall aneurysm model with curved parent vessel.
44. Summary and Discussion

For an aneurysm model with straight parent vessel, shear-driven flow weakly entrains into the
aneurysm. A study on aneurysm size and D/N ratio showed a coherent vortex flow pattern in the
symmetry plane. For a given D/N ratio, flow activity within an aneurysm decreased with increasing
size. It suggests that larger the aneurysmal volume in proportion to its orifice area, the more
sluggish will be the flow and the longer will blood remain within the aneurysm. In other words,
larger aneurysm size and smaller neck size tend to favour intra-aneurysmal thrombosis. The flow
field results in the cross-sectional plane (Z° = 0) showed no essential differences for either varying
aneurysm size or for varying D/N ratio. The aneurysm size and D/N ratio had virtually no effect on
intracaneurysmal pressure. The stagnation pressure zone due to impingement of flow at distal neck
region increased with decreasing D/N ratio for a given aneurysm size. However, this region was
small as compared to total aneurysmal surface area. With decreasing D/N ratio, the shear forces
around the inflow tract increased in surface area in al cases. The shear forces migrated on the
parent artery adjacent to the inflow tract. This fact may have an implication of new aneurysm

growth from this region.

A change in parent vessel geometry from straight to curved one showed a drastic change in blood
flow dynamics of an aneurysm. The pressure-driven flow entering into an aneurysm showed a
strong impingement at distal region. 71% of arterial flow entered the aneurysm for the given parent
vessel curvature as compared to only 4% for straight parent vessel model. The maximum value of
WSS at distal neck region was found to be more than 6 times that along the parent vessel. The

pressure and shear forces were found to be localized at the distal aneurysm and neck regions. A
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pulsatile flow simulation for the same geometry indicated that the effect of velocity magnitude was

of primary importance as compared to the effect of change in velocity with respect to time.
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5. MODELING OF FLOW THROUGH STENTED ANEURYSMS

Stenting of an aneurysm has the potential to alter the hemodynamics in such away as to induce self-
thrombosis within the aneurysm sac, stopping its further growth and preventing its rupture. Stents
range in porosity, mesh design (pore shape, strut layout, wire thickness etc.) and each stent
parameter affects the hemodynamic environment. Understanding the alterations in blood flow
pattern and hemodynamic stresses is critical when quantitatively evaluating the effectiveness of a

stent as a stand-a one treatment.

It is not understood what kind of blood flow dynamics a stent will generate in an aneurysm under
particular key conditions such as vessel-aneurysm anatomy and specific stent design. Hence, a CFD
analysis was used for quantitative understanding and characterization of flow through stented
aneurysm models. An Equivalent Stent Modeling (ESM) methodology was devised and applied for
obtaining flow field results for key generic stented aneurysm geometry. The numerical results were
validated against Digital Subtraction Angiography (DSA) images obtained for respective stented

cases.

5.1. Equivalent Sent Modeling Methodology

Modeling of a flow through a stented aneurysm is a situation where a part of flow occurs through a
region containing fine-scale geometrical structure or, in simple words, through a screen. The first
order effect of a screen (or stent in this case) is to impose a static pressure drop proportional to the
square of the flow velocity and to refract the incident (inclined) flow toward the local normal to the
screen [Mehta '85]. The effect of this screen is too small to be numerically resolved within the

overal calculation. Implementing actual stent geometry in 3-D flow simulation would, thus, require
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a highly refined computational mesh to resolve flow around stent struts. For commercidly available
stents, wire diameter (80-150 nm) is rather small as compared with intracranial artery diameter (3-5
mm) and aneurysm size, which varies from 1 mm to 30 mm. An order magnitude difference
between stent wire diameter and artery diameter/aneurysm size would lead to excessive number of
computational elements within the 3-D domain. This computational approach, overdl, is
prohibitively expensive. It also needs a new mesh to be generated, each time the stent design is
changed. This approach would not have enabled to efficiently survey a wide range of stent designs.
In order to be able to smulate the effect of varying stent design parameters, a new Equivalent Stent

Modeling (ESM) methodology was devised as described in following sections.

5.1.1. Formulation

The flow of fluid around stationary stent struts experiences a force that tends to oppose motion of
fluid. For this flow system, force acting at any point on the small element (dA) of the surface of a
stent strut can be considered to have two components. These two components act along the
directions tangential and normal to the surface. The tangential components are ‘ shear forces and
the normal components are ‘pressure forces’ The drag on a stent is therefore given by the
summation of the components of these forces acting over the entire surface of the stent in the
direction of the fluid motion. The sum of components of shear forces in the direction of fluid
motion is called the friction drag. Similarly, the sum of components of pressure forces in the

direction of fluid motion is called the pressure drag.

A friction drag is due to the existence of viscosity for real fluids (or blood in this case). Whenever a
red fluid (blood) past a stationary object (stent) held submerged, a layer of fluid, which comes in
contact with surface of the object adheresto it. Thisretarded layer of fluid further causes retardation

for the adjacent layers of fluid. This develops a small region in the immediate vicinity of solid
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surface in which the velocity of flowing fluid varies from zero to the maximum. This shearing
effect at the surface of the object and within the boundary layer results in partial momentum loss of

fluid dueto friction.

A pressure drag, on the other hand, is an effect of the separation of flow. If the surface of the
immersed object, along which the boundary layer forms, is such that it curves away from the flow,
there exists a tendency for the flowing fluid to leave the boundary. This phenomenon of * separation
of flow’ occurs at higher values of Reynolds numbers. With separation of flow, the flow pattern is
considerably modified and hence the pressure distribution is changed. On the downstream side of
the body on account of separation, a region of low pressure or ‘wake’' is developed. On the
upstream side of the body the pressure being considerably high, there exists a pressure difference
between the upstream and downstream sides resulting in further momentum loss [Modi '91].
Hence, in this methodology, a stent was represented as a ‘momentum sink’ or ‘distributed

resistance’ by applying a pressure drop acrossiit.

It was assumed that within the volume containing the distributed resistance, there existed

everywhere alocal balance between pressure and resistance forces such that:

LK =P [5.1]

X

where x; (i = 1, 2, 3) represents the orthotropic directions,

Ki isthe resistivity,

Ui is the superficial velocity in direction x;.
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Theresistivity K; was assumed to be a quasi-linear function of the superficial velocity magnitude U;

of theform
Ki=a; U+ b [5.2]

where a; and b; are resistivity coefficients. The units of a; and b; are kg/m* and kg/m?/s,

respectively.

Thus, the pressure drop over alength L can be expressed as [ Schmid '99, Lage '00],

P2z +bu, [5.3]

The two res stance terms on the RHS of the above equation represent the lumped form or pressure
drag and the lumped viscous drag, respectively [Lage '00]. Although these two effects are always
present in the flow, the viscous effect will predominate at low enough fluid speeds. This resistance
was applied across the grid layer at the aneurysm entrance to account for the momentum sink
caused by a sent. These terms were added in CFD simulation via user coding option available in

STAR-CD?.

5.1.2. Resistivity coefficients calculation

For flow through screens made of circular wire [Idelchik ’89]:

For Re < 50:

2

L»E+l3><l- e)+§|—- lg [54]

ryy?/2 Re e o

where e is porosity of the screen and Re is Reynolds number based on diameter of pore, doore.
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The equation [5.4] simplifiesto

2

11 e 0 9 ry?
=27y +€13X1- e)+§1-13 il
de 6 e 65 2

11xm & 00 r?
p_ U, +81.3X1- e)+§el- 17 Tx—Fr
L d,. % & e 5 2xL

Comparing the equations [5.3] and [5.6],

& 20
a=63x1- g +&- 18
¢ g 5z 2n

and

b= 1
d pore XL

[5.5]

[5.6]

[5.7]

[5.8]

The parameter a represents the ‘ blockage effect’ by applying a pressure drop proportional to square

of locd flow velocity. As seen from equation [5.7], a (or ultimately the pressure drop) increases

with decreasing stent porosity.

The parameter b represents the ‘ viscous drag effect’” by applying a pressure drop proportional to

local flow velocity. As seen from equation [5.8], b (or ultimately the pressure drop) increases with

decreasing pore size.
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5.1.3. Computational mesh

The aneurysm model as shown in Fig. 3.2 was used for smulating
the effect of varying stent design parameters. The finite volume

model consisted of 219 307 elements. Fig 5.1 shows a cross-

Equivalent stent

sectional view of computational domain. Computational cell layers,
marked as an ‘equivalent stent’, were used for specifying a

pressure drop across them through resistivity coefficients, a and b,

Figure 5.1 Cross-sectional view of calculated from empirical correlations with known r, mand L (=

stented aneurysm model 0.3 mm). These alphas and betas were then plugged into user-

defined function (UDF) viz. sormomf in STAR-CD?. The UDF described a distributed resistance
for these computational cell layers by applying a pressure drop across them. The numerical results
were obtained for different stent designs by varying values of a and b. The computational results
for non-stented case were validated againg PIV measurements and DSA images, whereas the

results for stented cases were validated against DSA images as described in following sections.
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5.2. Particle Image Velocimetry (PI'V) Methodology

A Particle Image Velocimetry (PIV) measurement technique was used to validate and complement
the CFD analysis to characterize the flow through non-stented and stented aneurysm models. PIV
provided 2-D, 2-component (2-C) time resolved velocity measurements in a plane of interrogation.
The experimental facility was designed to provide a geometrically and dynamically similar flow to
that used in the CFD calculations. The facility mainly included optical system and the pulsatile flow
unit. As steady state analysis was used for validation of CFD results, the following section excludes

a description about pulsatile flow unit.

5.2.1. Optical system

The optical system described here is a part of Stereoscopic Particle Image Velocimetry (SPIV)

system (IDT, Talahassee, FL), which is comprised of a
computer system, two digital cameras and a timing
interface. This optical system (Fig. 5.2) can be divided
into three major elements. laser sheet creation, image

acquisition and image processing. A 7-Watts TEMgo

Argon lon laser (Lexel 95) operated in continuous mode

il CLEECA LTI B (7

B (514 nm wavelength) was employed as a light source. A

Figure 5.2 PIV st up Bragg cell with light modulator signal processor
(IntraAction Corp., lllinois, Model ME-1202T) was used to pulse the light sheet at frequencies up to
120 MHz. Through an optical module consisting of three plane convex lenses and a cylindrical lens,
the pulsed laser beam was condensed and transformed into a 1 to 1.5 mm thick light sheet. This

laser sheet was used to illuminate the interrogation plane of interest in the aneurysm model.
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Fluorescent polymer particles (Dantec Dynamics A/S, Denmark) with particle diameter of 1-20 nm
were used as the seeding particles. In conjunction with the fluorescent particles, a long-pass filter
(Méelles Griot Inc, Irvine, CA) was placed in front of a Charged Couple Device (CCD) camera to
maximize the signal to noise ratio. The long-pass filter minimized the effect of extraneous
reflections from interfaces (aneurysm wall) of the model and the high intensity reflections from a
stent by filtering out the original laser light wavelength. Of course, background noise from other

extraneous light sources was also reduced.

A high-resolution video camera (Sony, ICX085AL) facing the plane of interrogation had a 1300 X
1030 pixels CCD array with a 6.7 nm X 6.7 mm pixel size; a large 12-bit dynamic range and an
|IEEE-1394 interface to the controlling computer. The high resolution, large dynamic range and high
quality optics insured sufficient image resolution and clarity to capture the scales of interest in this
flow. The PIV software was comprised of two modules. The proVISION™ module provides an
interface for image acquisition and processing of the data. The proVISION Explorer™ module
provided an interface to view the data, as well as export and import capabilities between the other
programs. Both programs were totally integrated with a powerful fluid dynamics plotting package,
Tecplot (Amtec Engineering, Inc., Bellevue, WA). This image acquisition system allowed to set a
wide range of optical, timing and storage parameters including the pulse separation, pulse duty
cycle and output image format, timing and record length. The PIV image processing in
proVISION™ was done after an image sequence had been acquired, therefore allowing a wide
range of meshes, image enhancements and vector interpolation schemes to be used. The system
incorporated the most accurate and reliable correlation algorithm, providing 2-D vector field results

with the highest data density and the least spurious data vectors.
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5.2.2. Flow conditions

A mixture of distilled water (42% by volume) and glycerine (58%) was used as a working fluid.
Through this mixture, refractive index of Sylgard 184 (used for casting models) was accurately
matched. This eliminated the refraction of light sheet passing through the complex curved mode
surfaces. The fluid mixture had a density of 1.148 g/cm® and a viscosity of 10.4 cP a 20°C as
compared to blood, which has a viscosity of 3.5 cP and a density of 1.056 g/cm?® at 37°C. However,
the Reynolds number (Re = 137) was kept to be the same as used in CFD analysis so as to have
dynamic similarity. The flow field results for non-stented aneurysm model with curved vessel were

obtained for steady state flow.
5.3. Digital Subtraction Angiography (DSA) analysis

Digital Subtraction Angiography (DSA) involves X-ray imaging the required anatomy before and
after the injection of angiographic dye. The former background image of bone and tissue (the mask
image) is digitally subtracted from the latter that includes dye contrast (the live image). This
produces a clear picture of the passage of dye and thereby blood flow, through the vascular bed of
interest [ Sadasivan ' 01] . The same technique was used for in vitro phantom studies for validation of

CFD results for non-stented and stented cases.

A steady state flow environment with water as working fluid was used. The physical models as used
in PIV study were used in DSA analysis. Contrast media (Oxilan 350) was injected in the parent
vessel for intra-aneurysmal flow visualization. The Reynolds number based on contrast media
properties (r = 1320 kg/m®, m= 9.4 cP at 20°C) was kept same as that used in CFD and PIV

anal yses.
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54. Tes modes

A sidewdl aneurysm model with curved parent vessel was used for PIV measurements and DSA
images for validation of CFD results. The geometry of the model was similar to a model shown in
Fig. 3.2, except that the dimensions were up scaed by a factor of 1.6. The transparent rigid models
were cast out of Sylgard 184 polymer (Dow Chemical). Removal of a stent from the soft Sylgard
aneurysm models destroys the high optical quality of the interior model surface and is therefore an
irreversible process. Hence, several models of this geometrical configuration were built to
characterize both non-stented and stented aneurysmal flow. Commercially available stents were
placed inside different models, one stent per model, using norma stent deployment methods at

TSRC. The stents used in this study included Wallstent®, Symulink?® and Dynalink®.
5.5. Validation of CFD results

The results from CFD analysis, PIV measurements and DSA images are compared in this section.
The PIV measurements were used for quantitative comparison whereas DSA images were used for

quditative comparison.

5.5.1. Comparison of CFD and PIV results

Figures 5.3a and 5.3b show flow field results inside an aneurysm obtained usng CFD and PIV,
respectively. The velocity vectors resulting from both techniques were non-dimensionalized by

maximum velocity at inlet in respective case.
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Figure 5.3 Comparison of (a) CFD and (b) PIV resultsfor non-stented case
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The results for non-stented case show very good agreement with each other. The PV technique was
also tried for obtaining the flow field results for stented models. The flow pattern seen from PIV
experiment was totally different than seen from CFD and DSA results. It is, hence, postulated that
the resistance offered by a stent to the seeded PIV flow is much higher than the resistance offered to

unseeded fluid flow.

5.5.2. Comparison of CFD and DSA results

A gualitative comparison of CFD results and DSA images is shown in this section. Particle tracking

technique was used to represent CFD results and to have better comparison with DSA images.

Figure 5.4 shows a sequence of images at different time instants (T;) obtained using particle
tracking in CFD and from DSA. The time, T;, was non-dimensionalized as T¢= (T; - Tmin)/(T mox -

Tmin). Theresults for the non-stented case are in good agreement with each other.

Figure 5.5 shows a similar comparison for a stented (Stent: Schneider Wallstent®) aneurysm model
with. The stent has a porosity of 80% with pore size of 0.8 mm in this setting. The comparison of
CFD and DSA results is again in good agreement. As seen from both techniques, the flow entered

the aneurysm from central and slightly distal neck region and exited from proximal neck region.

As seen from Fig. 5.6a and Fig. 5.6b, the DSA images obtained for Symulink& stent and Guidant

Dynalink? biliary stent also showed counter clockwise rotating coherent flow pattern.
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Figure 5.4 Comparison of CFD and DSA resultsfor non-stented aneurysm model
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Figure5.5 Comparison of CFD and DSA resultsfor stented (Wallstent?, porosity = 0.8) aneurysm model

43



M ODELING OF FLOW THROUGH STENTED ANEURY SMS

(b)
Figure 5.6 DSA images for a) Symulink® stent and b) Guidant Dynalink® biliary stent
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5.6. Summary and Discussion

A newly devised Equivalent Stent Modeling method offers a computationally flexible methodology
for studying the effect of varying stent design parameters on blood flow dynamics. The effect of
viscous drag and form drag due to stent was taken into account through resistivity coefficients. A
qualitative comparison of CFD and DSA results proves the validity of this method for the given
aneurysm model. PIV measurement technique was also tried for quantitative comparison and for
complementing the CFD results. However, it was found that the flow with seeded particles hardly
entered the aneurysm even with high porosity stent. Moreover, the intra-aneurysma flow was
rotating clockwise as opposed to counter clockwise rotating flow seen from DSA and CFD
analyses. It is postulated that the resistance offered by a stent to the seeded flow is much higher than
the resistance offered to unseeded fluid flow. Thisis because the seeding particle size (1 — 20 nm) is
comparable with stent wire diameter (80 — 100 nm). The flow visualization results using same fluid
as used in PIV, but without seeding particles, showed counter clockwise rotating intra-aneurysmal

flow. Thisfact dso supports the CFD results obtained using ESM methodology.
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6. APPLICATION OF EQUIVALENT STENT MODELING METHOD

The Equivalent Stent Modeling (ESM) methodology, after validating against DSA images, was used

for studying the effect of wide range of stent design parameters, even those that do not exist for

commercially available stents.

6.1. Characteristic stent parameters

Porosity | Poresize(mm)
1 ¥
0.95 3.849
0.9 1.849
0.8 0.847
0.7 0.512
0.6 0.344
0.5 0.241
0.4 0.172
0.3 0.121
0.2 0.081
0.1 0.046
0.05 0.029
0 0

Table 6.1 Stent porosity and
poresize

A dsent is characterized by stent porosity, wire diameter,
characteristic pore size and strut design. Various permutations and
combinations of these parameters are possible for a stent design.
To smplify, this study assumes stent to be a woven mesh or a
screen. For this type of design and for given stent porosity, strut
wire diameter determines the characteristic pore size. For
commercidly available stents, the strut wire diameter ranges from
80 to 150 nm. A value of 100 mm was used in this study. Table

6.1 gives the values of different stent porosities and the

corresponding pore sizes. The highlighted values of stent porosity and pore size were considered in

this sudy. The extreme values of stent porosity, viz. e = 0.95 and e = 0.1, amost represented the

effect of fully open and fully blocked orifice, respectively. The resistivity coefficients, calculated

from equations [5.7] and [5.8], were used for simulating the effect of these stent parameters.
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A srut wire diameter is an important

10

ppryyy— b factor in determining the characteristic
— d=0.1mm .

Y/ . .
asedsmm L g, pore size. Figure 6.1 shows the effect of

strut wire diameter on pore size for

Pore size (mm)

varying porosities. The graph shows that

0.1

for a given stent porosity, with decreasing

strut  wire diameter, the pore size

0.01

Porosity

Figure 6.1 Reationship between pore size and por osity for
given wirediameter

decreases. From eguation [5.6], smaller
the pore size, higher is the resistance.
Hence, it is concluded that the strut wire diameter should be as small as possible for more resistance
to the flow. The mechanical design criteria such as strength, flexibility will, of course, pose a limit

on the smallest value of strut wire diameter.
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6.2. Global Hemodynamics

The Equivalent Stent Modeling methodology did not resolve the flow around stent struts. The local
effect of each strut was simulated as a globa effect of all struts by introducing resistivity
coefficients through UDF. The flow field results obtained by this methodology are hence termed as

Global Hemodynamics. The effect of stent porosity on global hemodynamicsis as follows:

6.2.1. Velocity Vector Field

e=1 e=0.95 e=0.8

e=05 e=0.2 m/s
Figure 6.2 Velacity vector fidd for different stent porosities

Figure 6.2 shows velocity vector field in symmetry plane X* = 0 for varying stent porosities. The
results clearly show that the flow impingement on aneurysmal wall at distal neck region reduces

with decreasing stent porosity.
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6.2.2. Intra-aneurysmal mass flow

Fig. 6.3 shows the effect of porosity on intra-aneurysmal mass flow. The flow entering the

aneurysm was found to decrease almost linearly with decreasing porosity.
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Figure 6.3 Effect of stent poraosity on intra-aneurysmal flow
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6.2.3. Inflow Zone

Inflow Zone here is defined as the region from where blood flow enters the aneurysm. Fig. 6.4
shows the effect of porosity on Inflow Zone. The figure shows top view of an equivalent stent,

which is sitting just above the neck.

For non-stented case, inflow to the aneurysm was from mid and dlightly distal neck region. As seen

from Fig. 6.4, with decreasing stent porosity, the Inflow Zone moved distally and extended laterally.

e=1 e=0.8 e=05 e=0.2
B Flow into aneurysm

Figure 6.4 Effect of stent porosity on Inflow Zone g Flow out of aneurysm
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6.2.4. Residencetime

Particle tracking technique from CFD was used for obtaining intra-aneurysmal particle residence
time. To start with, five randomly chosen particles were injected at inlet. All particles entered the
aneurysm for non-stented case. With decreasing porosity, for each particle, ether the intra
aneurysmal residence time increased or the particle did not enter the aneurysm. Fig. 6.5 shows the

effect of stent porosity on intra-aneurysmal particle residence time for these particles.
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Figure 6.5 Effect of porosity on intra-aneurysmal particle residencetime

The residence time for particle # 1 increased with decreasing porosity. It reached a maximum of 37
sec for 10% porosity as compared to 1.4 sec for non-stented case. The particle # 2 showed an
increase in residence time first. At and below stent porosity of 80%, it no longer entered the

aneurysm. Particles # 3 and # 4 showed a dight reduction in residence time with decreasing
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porosity. Eventualy, these particles also did not enter the aneurysm. The particle # 5 showed an

exponential increase in residence time with decreasing porosity.

This analysis was extended to all vertices (306 particles) at inlet. Fig. 6.6 shows the effect of
porosity on percentage of particles entering the aneurysm. It was found that around 42% of the
particles at inlet entered the aneurysm for non-stented case. The number decreased linearly with
decreasing stent porosity.
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Figure 6.6 Effect of porosity on percentage of particles entering the aneurysm
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Figure 6.7 shows the effect of stent porosity on average intra-aneurysmal particle residence time.
For non-stented case, the residence time was 1.35 sec. The residence time increased exponentially
with decreasing stent porosity. The minimum and maximum residence times for given porosity are

marked by error barsin the figure.
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Figure 6.7 Effect of porosity on aver age particle residence time with error bars showing the minimum and
maximum values
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6.3. Summary and Discussion

The application of ESM methodology yielded numerous quantitative results correating
hemodynamic parameters with stent design parameters. The mass flow entering the aneurysm was
found to have a linear relationship with stent porosity; the mass flow decreased with decreasing
porosity. With decreasing porosity, the Inflow Zone moved distally and expanded laterally. The
intracaneurysmal particle residence time increased exponentially with decreasing stent porosity. In
addition, based on the empirical relations used in ESM, it was found that strut wire diameter should

be as small as possible for higher resistance to the flow entering the aneurysm.

The flow for stented aneurysms showed a single vortex pattern with flow activity inside the
aneurysm reducing almost linearly with decreasing stent porosity. This type of flow pattern (either
from DSA or CFD) did not show any jet-like flow. However, angio-runs of some clinical stenting
cases show a jet impingement on aneurysmal wall. This jet-like flow is believed to be responsible
for subsequent aneurysm rupture in those cases. This type of adverse effect of stenting is still
unanswered. If Reynolds number based on stent wire diameter (Rey ~ 10) and the length of wake (a
stent-wire diameter downstream) is considered, the jet-like flow seems rare as a consequence of

stenting for a given aneurysm geometry.

The hemodynamic alterations in intra-aneurysmal blood flow dynamics by stenting (or by stent-
assisted prototypes) have the potential to induce intra-aneurysmal thrombosis, which is the ultimate
goal of thistreatment paradigm. Further studies are necessary to correlate hemodynamics with intra-
aneurysmal thrombosis and determine the optimum stent parameters for intracranial applications.
Some of the vaues of stent porosities and pore sizes encountered in this study do not exist for
commercially available stents. The results show that design and development of such new stents

may provide a promising treatment for the selected cerebral aneurysms.
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7. BIOCOMPATIBILITY OF STENTS

Biocompatibility is defined as the ability of a material to perform with an appropriate host response

in a specific application [Ryhanen '99].

The two main factors that will determine the biocompatibility of a stent material are: the host
reaction induced by the material and the degradation of the material in the body environment
[Ryhanen "99]. The hog reaction and the corresponding effect on flow, in turn, will depend upon
material properties such as stress-strain relation, compliance, volumetric distensibility, etc. of the
stent. The degradation of the stent will depend on material composition, surface properties and stent
coatings. Thus, biocompatibility of the implant material is closely related to the reactions between

the surface of the biomaterial and the inflammatory host response.

The material properties of the stent should be compatible with the host artery. The fundamental
characteristic that is important in this regard is super-éasticity. Super-elasticity is defined as the
ability of an aloy specimen to return to its original shape upon unloading after a substantial
deformation. A stent is deployed through a tortuous network of blood vessels. Thisislikely to cause
twisting, bending or even change in pore sze and/or shape during implantation. The geometric
properties the stent is designed for must be restored after the implantation. These properties,
especially the characteristic pore size (as seen from the results), are important in excluding the
aneurysm from the circulation. The super-elastic nature of a stent material will help maintain these

properties.

The choice of materia of which the stent is constructed in conjunction with the chosen

manufacturing conditions will determine the initial surface properties [ Serruys '00]. An important
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property in this regard is corrosion resistance. The corrosion resistance of an alloy and the toxicity
of individual metals in the alloy are the main factors determining its biocompatibility [ Ryhanen
'99]. The corrosion of metals in aqueous solutions takes place via an electrochemical mechanism.
After implantation, the stent will be surrounded by serum ions, proteins and cells, which may all,
modify the effect on loca corrosion reaction [Ryhanen '99]. The surface properties and the surface
coatings play an important role in preventing the stent from corrosion. Hence, it is important to
ascertain optimal surface properties while minimizing the amount of potential inflammatory

material.

Nitinol (NiTi) alloys are among the most important for biomedical implants including endovascular
stents [ Tan ’02]. Super-elastic NiTi can be strained several times more than ordinary meta alloys
without being plastically deformed, which reflects high pure elastic deformability. Nitinol also has
high pseudo-dasticity i.e. high bend ability without fatigue and fracture. This property will help
implant bent back and forth without showing strain hardening effects and without the risk of

breakage [ Mertmann].

A study by Tan et al. has shown that ion implantation with oxygen alters the surface structure,
composition and morphology of NiTi. This has implications for corrosion resistance, wear-
corrosion resistance and protein adsorption. Wear-corrosion resistance, an important factor for
medica device applications, is substantially improved by Plasma Source lon Implantation (PSII)
modification. These results show an overall improvement in biocompatibility of NiTi with PSII
technique. Based on different studies mentioned in [Ryhanen "99], the histopathological changes
caused by vascular NiTi stents are associated with a mild inflammatory response, some atrophy of
vessel media, acceptable fibro cellular tissue growth and endothélization. The biocompatibility of

NiTi stents seems to be equal or better compared to stainless steel stents [ Ryhanen ’99].
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A variable porodty stent may help enhance its biocompatibility. Through design and development
of such gents, the compliance of a stent can be greatly enhanced. The accurate locdization of a
stent using radiographic technique is expected to reduce an average length of a sent. This,

effectively, will minimize the amount of ‘foreign material’ within the bloodstream.
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8. CONCLUSIONSAND RECOMMENDATIONS

8.1.

Conclusons

The elevated levels of wall shear stress on straight parent artery may have an implication of
new aneurysm growth from that region. The chances of the aneurysmal growth increase with

decreasing dome-to-neck ratio.

Hemodynamic stresses, especialy a distal neck region, are much more higher in the

aneurysm model with curved vessel as compared to those in amodel with straight vessel.

Equivalent Stent Modeing methodology is devised and validated for simulating the effect of
varying stent design parameters on blood flow dynamics for the given aneurysm mode with

curved parent vessel.

With decreasing stent porosity the flow impingement at distal aneurysmal wall decreases

with linear decrease in flow activity inside the aneurysm.

With decreasing stent porosity the residence time increases exponentially which is favorable

flood flow dynamics for intra-aneurysmal thrombosis.
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8.2. Recommendations

Equivalent Stent Modeling methodology is not yet validated for the aneurysm modd with straight
parent vessel. Preliminary computational results in this regard show a coherent vortex flow pattern
with decreasing stent porosity. However, experimental studies incorporating straight vessel model
show a disruption of intra-aneurysmal coherent vortex. If the ESM methodology is not able to
capture the disruption of this shear-driven flow, it is necessary to find out the applicability range of
this methodology. This range may be in terms of either parent vessel curvature or relative
magnitudes of pressure-driven and shear-driven flows for a given aneurysm geometry. This may be
done by experimental (DSA or flow visualization) analyses of stented aneurysm models with
varying parent vessel curvature. The experimental results then can be compared with numerical

results obtained usng ESM methodology for the similar geometries.

Although the results obtained using ESM methodology are promising, improvements may be
necessary in order to obtain more locd flow field results. Refinement of the grid at the aneurysm
entrance with the addition of non-uniform porosity grid elements would be the simplest
improvement. For highly porous stents, a user coding of the Stokes solution for the flow over a
cylinder can be employed. The Stokes flow solution would be used for the grid box containing the
stent strut and also at grid boxes between the struts since the flow effect will extend outside the grid
box containing the strut. The Stokes flow solution technique is well documented [Hamielec ’69]
and has been used successfully for decades. Both of these methods will avoid the massive fine scale
grids and the computationa intensity required for a numerical solution, which resolves the details of

the flow around each stent strut.

Theresistivity coefficients, a and b, play an important role in determining the pressure drop across

agent. An empirica correlation for screen or mesh was used in this study as to obtain values of a
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and b for given stent design parameters. In order to obtain a and b for a commercially available
stent, experimental measurements of pressure drops across the stent for different flow velocities are
necessary. The slope of graph (DP/L)/U vs. U will give a and Y-interception will give b for usein

ESM methodology for the given stent.

The flow with seeded particles was found to behave totally different as compared with unseeded
flow for stented aneurysm models. Blood flow being a particulate flow; the former flow represents a
more realistic situation. The red blood cells (RBCs) (highly deformable though) constitute the
largest and significant number of blood elements per unit volume of blood (4.5 — 5.5 million per
mm°). For such a large number of particles, a statistical approach from dispersed multiphase
modeling may be used. In this approach, the tota population is represented by a finite number of
computational parcels (samples), each of which represents a group (cluster) of elements having the
same properties. Of course, the number of samples is not arbitrary; it must be large enough so that
the properties of the full population are well presented. This can be assessed, in the absence of any
measures, by performing calculations with different number of samples and comparing the results.
The details of dispersed multiphase flow modeling usng Lagrangian Model are given in
Methodology volume of STAR-CD?. If the blood elements are found to affect the intra-aneurysmal
flow for stented modéls, it is quite likely that even relatively high porosity stents will be able to

sufficiently reduce the intra-aneurysmal flow.
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8.3. Future

A patient-specific computational flow analysis for determining the optimum stent parameters for
intracranial applications, in conjunction with related in vitro and in vivo hemodynamic studies, is a
future of Equivalent Sent Modeling methodology. A 3-D rotational angiography machine will be
employed for imaging a patient-specific geometry. The images will be used for 3-D reconstruction
of the geometry and for further optimum computational mesh generation. The ESM methodology
will be utilized for determining the optimum stent design parameters for favorable intra-aneurysmal
blood flow dynamics. In order to be ale to call modified blood flow dynamics by a sent, a
‘favorable blood flow dynamics, in vitro and in vivo experimental studies are must. These anal yses

will help clinicians select an ‘intracranial stent’ for the patient-specific geometry.
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APPENDIX A: VALIDATION MODEL

The purpose of this section isto show validation of CFD results for steady state flow using sandard
pipe geometry. The pipe geometry is selected, as it resembles parent vessel closely. The numerical
results of velocity profile, pressure gradient and wall shear stress (WSS) are compared with

analytical solutions.

The pipe geometry is as shown in figure B.1. A parabolic velocity profile, with maximum velocity
of 0.3 m/s, is specified at the inlet. The outlet is modeled to be an outflow. The Reynolds number in

thiscaseis 137.

f 3mm
Inlet: Parabolic L Outlet:
Velocity Profile i i Outflow
Vi = 0.3 M/s =—> L n ==
60 mm
< >

Figure B.1 - Pipe geometry: Steady state flow

Figures B.2 and B.3 show a comparison of an analytical velocity profile with numerical profile a
two different cross-sections (marked by | and 1l in Fig. B.1). The maximum numerical velocity is

off by 0.16 % from the corresponding anal ytical value.
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The numerical pressure across the pipe varies linearly. The comparison with analytical pressure
drop across the pipe is shown in figure B.4. An analytical value of pressure gradient is 1866.67

N/m? whereas the corresponding numerical value is 1936.67 N/m”.

— Analytical
\ 6 m L 60 mm >

Absolute Pressure (Pa)

Absolute Pressure (Pa)

Figure B.4 - Pressure variation along the length of pipe
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Figure B.5 shows numerical WSS distribution along the pipe. The analytical value of WSS is 1.4

N/m?.

N/m?
Figure B.5 - Wall shear stress distribution along the length of pipe

Thus, the numerical results in this case compare well with the analytical solution.
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APPENDIX B: USER DEFINED FUNCTIONS

Inlet boundary condition for aneurysm model with curved parent vessel:

Ck************************************************************************

SUBRQUTI NE BCDEFI ( SCALAR, U, V, W TE, ED, T, DEN, TURI NT)
C Boundary conditions at inlets
Ck************************************************************************
Thi s subroutine enables the user to specify | NLET boundary
conditions for U V,WTE,ED, T and SCALAR

Set TURI NT=. TRUE. if turbulence intensity and length scale are
specified as TE and ED respectively

Set TURI NT=. FALSE. if k and epsilon are specified as TE and
ED respectively

** Paraneters to be returned to STAR U,V,WTE, ED, T,
SCALAR, DEN, TURI NT

NB U,V and Ware in the | ocal coordinate-system of the
i nl et boundary.

Sanpl e coding: To specify inlet values for region 1

| F(1 REG EQ 1) THEN
TURI NT=. FALSE.
U=
V=
WE
TE=
ED=
T=
SCALAR( 1) =
DEN=

ENDI F

QOO0 0O00000000000O000000000000O0

REAL DI ST, URAD

DI ST = (X+0.017196) **2+( Y+0. 0177846) **2+Z**2
URAD = 133333. 33*(0.0015**2 - DI ST)

U = URAD*COS( 3. 14159/ 3)

V = URAD*SI N( 3. 14159/ 3)

W= 0.0

RETURN
END
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Pulsatile flow inlet boundary condition:

Ck************************************************************************

SUBRQUTI NE BCDEFI ( SCALAR, U, V, W TE, ED, T, DEN, TURI NT)
C Boundary conditions at inlets
Ck************************************************************************
Thi s subroutine enables the user to specify | NLET boundary
conditions for U V,WTE, ED, T and SCALAR

Set TURI NT=. TRUE. if turbulence intensity and length scale are
specified as TE and ED respectively

Set TURI NT=. FALSE. if k and epsilon are specified as TE and
ED respectively

** Paraneters to be returned to STAR U,V,WTE, ED, T,
SCALAR, DEN, TURI NT

NB U,V and Ware in the | ocal coordinate-system of the
i nl et boundary.

Sanpl e coding: To specify inlet values for region 1

| F(1 REG EQ 1) THEN
TURI NT=. FALSE.
U=
V=
WE
TE=
ED=
T=
SCALAR( 1) =
DEN=

ENDI F

QOO0 O0000000000OOO0000O00O00O00O0

REAL DI ST, URAD, ANGVEL, FIH SEH THH, FOH FFH, SIH VAVG

ANGVEL = 2*3.14159*TI ME/ 0. 75

FIH = -5. 7561* COS( ANGVEL+1. 3513)
SEH = -2.9136* COS( 2* ANGVEL+0. 8715)
THH = -1.2971* COS( 3* ANGVEL- 6. 2425)
FOH = 0. 8023* COS( 4* ANGVEL+9. 4446)
FFH = 0. 9114* COS( 5* ANGVEL+2. 7136)
SIH = 0. 5304* COS( 6* ANGVEL+1. 8711)

VAVG = 0.01*(25.404 + FIH + SEH + THH + FOH + FFH + SI H)

D ST
URAD

(X+0. 017196) ** 2+( Y+0. 0177846) ** 2+7**2
2*VAVG (1- (DI ST/ 0. 0015**2))

U = URAD*COS( 3. 14159/ 3)
V = URAD*SI N( 3. 14159/ 3)
W= 0.0

RETURN
END
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Momentum sink for stented (e = 0.8) aneurysm model:

Ck************************************************************************

SUBROUTI NE SORMOM S1U, S2U, S1V, S2V, S1W S2W POROS)
C Sour ce-term for nmonentum

Ck************************************************************************

S1V=DEN* Y* OVEGA* * 2
......................................................................... C

C Thi s subroutine enables the user to specify the nmonentum source
C term (per unit volune) in linearised form

C

C Source in x direction = S1U-S2U*U, (N nB)

C Source in y direction = S1V-S2v*V, (N nB)

C Source in z direction = S1IWS2WW (N nB)

C

C in an arbitray manner.

C

C ** Parameters to be returned to STAR  Sl1U, S2U, S1V, S2V, S1W S2W
C PORCS

C

G mmmmm s s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e m e e e e am o=
C

C Sanpl e coding: Body forces due to rotation around the z-axis
C

C OVEGA=100.

C S1U=DEN* X* OVEGA* * 2

C

C

REAL THETA, URADS, URABS, FRAD
IF (ICTID EQ2) THEN

THETA = ATAN(Y/ X)
URADS = U*COS(THETA) + V*SI N(THETA)

URABS = SQRT( URADS** 2)
FRAD = - (567600*URABS + 151477) * URADS

S1uU
S1V

FRAD* COS( THETA)
FRAD* S| N THETA)

ENDI F

RETURN
END
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