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MODELING OF TWO-PHASE BLOOD FLOW AND FLUID-STRUCTURE
INTERACTIONS IN CEREBRAL ANEURYSMS

SUMMARY

This thesis is composed of 7 chapters, each of them dealing with different aspects of
numerical tools (e.g., CFD and FSI) for prediction and assessment of cerebral
aneurysm rupture. Computation fluid dynamics has been widely used to investigate
the effect of single-phase blood model in the risk assessments, but no further
application of two-phase blood model and FSI were available. For this reason, the
thesis was proposed to evaluate further applications, with the aim of better
understanding of the diseases. Rupture risk assessment can be classified as (a) Flow
properties (e.g., inflow penetration depth, flow complexity and flow impingement
zones) and (b) wall shear stress based hemodynamic indexes (e.g., OSI and TAWSS).

Chapter 1 is introductory and reviews the cerebral aneurysms, the mechanisms leading
to the disease, and current computational tools in order to predict and assess of
aneurysm rupture.

Chapter 2 gives a very deep understanding about the mathematical theory behind the
single-phase, two-phase flow and FSI. Considering the non-Newtonian nature of
blood, two non-Newtonian viscosity models (Casson for single-phase and Carreau—
Yasuda for two-phase blood assumption) are discussed here. Then it proceeds with
FSI concept where an appraisal of the FSI approach and its implementation, the
governing equations regarding the single-phase blood assumption and mechanics of
deformable vessel structure are discussed in detail. One of the most important aspects
of this thesis is to use open-source solvers for numerical implementations. Regarding
the implementation of single-phase and two-phase blood CFD analysis, OpenFOAM
is used which is free and open-source software for CFD from the OpenFOAM
Foundation. For the implementation of an FSI problem, the preCICE multi-physic
coupling toolkit is used in order to couple OpenFOAM (FVM CFD solver) and
CALCULIX (FEM structure solver). Furthermore, two wall shear stress based
hemodynamic indexes (TAWSS and OSI) are introduced which can be used in order
to make a bridge from numerical results to rupture risk assessments.

Two patient-specific cerebral aneurysms are given in chapter 3 where the first patient
was a female of 41 years old, who had anterior communicating artery aneurysm with
concomitant subarachnoid hemorrhage and left frontobasal hematoma, and the second
patient was a female of 62 years old, who had dolichoectatic carotid and vertebral
arteries. The 3D images in digital imaging and communications in medicine format
were anatomically remodeled into patient-specific 3D geometries in the STL format.
The FVM mesh, boundary conditions and numerical implementations used for CFD
and FSI analysis of two aneurysms are discussed in detail in this chapter.

Chapter 4 investigates the blood transport in the cerebral aneurysm using single-phase
and two-phase models. In two-phase Euler-Euler approach, the blood is represented
by two interpenetrating continua where the dispersed red blood cells of non-Newtonian
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characteristics are suspended in the continuous Newtonian plasma. The results of two-
phase model, where the RBCs phase is assumed to be Carreau—Yasuda fluid, are
validated against the experimental data. Furthermore, comparative analyses were
performed in two patient-specific aneurysms, which indicated that for a given pulsatile
flow rate, the two-phase blood approach has vitally advantageous over the single-phase
assumption, and revealed a deeper inflow penetration, more complex flow structures
and denser flow diversion zones in the aneurysm sac. It was obvious that the high OSI
values calculated by the two-phase model covered much wider regions than the single-
phase predicted. It was equally crucial that these regions coincided with the TAWSS
values lower than the threshold that the single-phase approach can predict. Apparently,
the single-phase model failed to spot sites of high rupture risk. The results were further
exploited to identify the RBCs aggregation regions as, for example, the concave
structures and narrow paths in the saccular aneurysms, for their possible use as the
precursors of the thrombus formation.

Chapter 5 investigates the effect of variations in the haematocrit level on the blood
flow in two cerebral aneurysms using the two-phase Euler-Euler approach and the
Carreau—Yasuda viscosity model. The results showed that the maximum inflow jet
penetration was achieved at the lowest haematocrit level, and this accompanied with
strong flow impingements at the narrow corners deep inside the aneurysm sac and
undesired complex flow patterns spreading from entrance to the aneurysm dome. The
decrease in H level also changed the characteristics of the velocity profile inside the
dome from a single- to a double-peak profile, which increased the likelihood of a
daughter aneurysm formation. Furthermore, the TAWSS and OSI indicators showed
that lowering the H values could change an initially low-risk case into a very high
rupture risk situation. The two-phase Euler-Euler approach was used to enlighten the
effect of variations in the haematocrit level to cure the blood flow issue in two cerebral
aneurysms. A comprehensive description of the two-phase Euler-Euler approach and
the relevant viscosity specifications were described in the previous chapter. The same
patient specific aneurysms and the numerical implementations of the two-phase model
discussed before were used here. However, this chapter presents an appraisal of the
approach and interpretations of the flow complexity, features of the inflow diversion
zone, penetration depths and the shear stress parameters based on varying Hematocrit
values.

Chapter 6 investigates dynamics of the wall movements of a patient-specific aneurysm
dome using the interactions of the non-Newtonian blood flow and the deformable
vessels. The patient under consideration had an anterior communicating artery
aneurysm with a concomitant subarachnoid hemorrhage and left frontonasal
hematoma. A finite volume CFD solver was used with a 3D mesh of roughly 300000
cells and three boundary patches; the inlet, deformable walls and outlets. A linear
elastic material model was considered for the deformation of the aneurysm wall and,
in the structural computations, a finite element solver was employed with a solid
domain of approximately 12000 elements. An open-source code was exploited for the
coupling between the CFD and finite element solvers. Results showed that at the peak
systole, the vortical structure of the flow in the aneurysm dome was complicated.
Furthermore, the instabilities in the flow field produced intense shear forces, due to
which a possible weakening of the wall material will certainly lead to an increase in
the risk of the rupture and bleeding. The non-uniformity of the flow field acquired
large values of the von Mises stresses, resulting in prominent wall displacements,
which also matched to the high OSI and low TAWSS values. The maximum
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displacements exhibited a non-stationery movement everywhere in the dome though
mostly remained in the region of the impingement.

And finally, chapter 7 covers conclusions and remarks respectively.
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SEREBRAL ANEVRIZMALARDA iKi-FAZLI KAN AKISININ VE BUNUN
DAMAR DUVARLARI iLE ETKILESIMLERININ MODELLENMESI

OZET

Bu tez, her biri serebral anevrizma bozuklugunun degerlendirilmesi ve tahmini igin
sayisal araglarin (6rnegin, CFD ve FSI) farkli yonleriyle ilgilenen 7 boliimden
olusmaktadir. Hesaplamali Akiskanlar Dinamigi, yaygm bir sekilde risk
degerlendirmelerinde tek fazli kan modelinin etkisini arastirmak i¢in kullanilmastir,
ancak iki fazli kan modeli ve FSI'in bagka bir uygulamas1 mevcut degildir. Bu nedenle,
hastaliklarin daha iyi anlagilmasi amaciyla ileri uygulamalarin degerlendirilmesi i¢in
bu tez Onerilmistir. Yirtilma riski degerlendirmesi, (a) Akis 6zellikleri (6rn. Sizint1
akisin niifuz derinligi, akisin karmagikligr ve akisin vurma bolgeleri) ve (b) duvar
kayma gerilimine dayali hemodinamik indeksler (6rn., OSI ve TAWSS) olarak
siniflandirilabilir.

Bolim 1 giris niteligindedir ve serebral anevrizmalari, hastalia yol agan
mekanizmalar1 ve anevrizmaya bagli yirtilmay1 tahmin etmek ve degerlendirmek i¢in
mevcut hesaplama araglarini gézden gegirir, yapilan calismalarin amaci, igerikleri ve
birbirleri ile baglantilar1 aciklanmis, getirilen yeniliklerden bahsedilmistir.

Boliim 2, tek fazli, iki fazli akis ve FSI'in arkasindaki matematiksel teori hakkinda ¢ok
derin bir anlayis saglar. Kanin Newtonyen olmayan dogas1 g6z Oniine alindiginda,
burada Newtonyen olmayan iki viskozite modeli (tek fazli i¢in Casson ve iki fazli kan
varsayimi i¢in Carreau-Yasuda) tartisilir. Ardindan, FSI yaklagiminin ve
uyarlamasmnin  degerlendirildigi, tek fazli kan varsayimma iliskin yonetim
denklemlerinin ve deforme olabilen damar yapisinin mekaniginin ayrintili olarak
tartisildigr FSI konsepti ile ilerler. Bu tezin en onemli yonlerinden biri, sayisal
uygulamalar i¢in acik kaynakli ¢coziiciiler kullanmaktir. Tek fazli ve iki fazli kan CFD
analizinin uygulanmasina iliskin, CFD i¢in OpenFOAM Foundation'dan iicretsiz ve
acik kaynakli yazilim olan OpenFOAM kullanilmaktadir. Bir FSI probleminin
uyarlanmasi adina, OpenFOAM (FVM CFD c¢oziicii) ve CALCULIX'1 (FEM yap1
¢oziicli) birlestirmek i¢cin preCICE multifizik baglasim ara¢ kiti kullanilir. Ayrica,
sayisal sonuglardan yirtilma riski degerlendirmelerine bir koprii olusturmak igin
kullanilabilecek iki duvar kesme gerilimi tabanli hemodinamik indeks (TAWSS ve
OS]) tanitilmistir.

Birinci hastanin subaraknoid kanama ve sol frontobazal hematom ile birlikte anterior
komiinikan arter anevrizmanin eslik ettigi 41 yasinda bir kadin oldugu, ikinci hastanin
dolikoektatik karotis ve vertebral arterleri olan 62 yasinda bir kadin oldugu, iki hastaya
serebral anevrizma 3. boliimde verilmistir. Dijital goriintiilleme ve tip formatindaki
iletisimlerdeki 3B goriintiiler, STL formatinda hastaya 6zel 3B geometrilere anatomik
olarak yeniden modellendi. iki anevrizmanm CFD ve FSI analizi i¢in kullanilan FVM
¢ozlim ag1, smir kosullar1 ve sayisal uygulamalari bu bdliimde ayrintili olarak
tartisilmaktadir.
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Bolim 4, tek fazli ve iki fazli modeller kullanarak serebral anevrizmadaki kanin
tastnimini arastirmaktadir. Iki fazli Euler-Euler yaklasiminda, kan, Newtonyen
olmayan Ozelliklere sahip dagilmis kirmizi kan hiicrelerinin siirekli Newton
plazmasinda askiya alindigi iki i¢ i¢e gegen stireklilikler ile temsil edilir. Kirmizi1 Kan
Hiicresi (KKH) fazinin Carreau-Yasuda sivist oldugu varsayilan iki fazli modelin
sonuglar1, deneysel verilere karsi dogrulanmustir. iki fazli model tarafindan hesaplanan
yiiksek OSI degerlerinin, tek fazli tahmin edilenden ¢ok daha genis bolgeleri kapsadigi
acikt1. Bu bolgelerin tek fazli yaklasimin tahmin edebilecegi esigin altindaki TAWSS
degerleriyle cakismasi da ayni derecede onemliydi. Goriinlise gore tek fazli model,
yuksek yirtilma riski olan yerleri tespit edemedi. Sonuglar, 6rnegin, piht1 olusumunun
Onciileri olarak olas1 kullanimlari i¢in, 6rnegin sakkiiler anevrizmalardaki i¢cbiikey
yapilar ve dar yollar gibi RBC'lerin kiimelenme bolgelerini tanimlamak i¢in ayrica
kullanildi.

Besinci boliim, iki fazli Euler-Euler yaklasimi ve Carreau-Yasuda viskozite modeli
kullanilarak iki serebral anevrizmada hematokrit seviyesindeki degisikliklerin kan
akist lizerindeki etkisini arastirmaktadir. Sonuclar, maksimum jet girisinin en diisiik
hematokrit seviyesinde elde edildigini ve buna anevrizma kesesinin derinliklerindeki
dar koselerde giiclii akis carpmalarimi ve giristen anevrizma kubbesine yayilan
istenmeyen karmasik akis paternlerinin eslik ettigini gosterdi. Ayrica H seviyesindeki
azalma kubbe i¢indeki hiz profilinin karakterini tek tepe profilinden ¢ift tepe profiline
degistirmis ve bu da yavru anevrizma olusma olasiligini artirmigtir. Ayrica, TAWSS
ve OSI gostergeleri, H degerlerinin diisliriilmesinin baslangigta diisiik riskli bir
durumu, ¢ok yiiksek bir yirtilma riski durumuna déniistiirebilecegini gdstermistir. Iki
evreli Euler-Euler yaklasimi, iki serebral anevrizmadaki kan akisi sorununu
tyilestirmek icin hematokrit seviyesindeki degisikliklerin etkisini aydinlatmak igin
kullanild. iki fazli Euler-Euler yaklasiminin kapsamli bir agiklamasi ve ilgili viskozite
spesifikasyonlar1 onceki boliimde agiklanmistir. Ayni hastaya 6zgli anevrizmalar ve
daha once tartisilan iki fazli modelin sayisal uygulamalar1 burada kullanilmistir.
Bununla birlikte, bu boliim, degisen Hematokrit degerlerine dayali olarak akis
karmagiklig1, iceri akis saptirma bolgesinin 6zellikleri, penetrasyon derinlikleri ve
kesme gerilimi parametrelerinin yaklasimi ve yorumlarinin bir degerlendirmesini
sunar.

Bolim 6, Newton tipi olmayan kan akist ve deforme olabilen damarlarin
etkilesimlerini kullanarak hastaya 6zel bir anevrizma kubbesinin duvar hareketlerinin
dinamiklerini arastirir. S0z konusu hasta eslik eden subaraknoid kanama ve sol
frontonazal hematom ile birlikte anterior komiinikan arter anevrizmasina sahipti.
Kabaca 300000 hiicre ve giris, deforme olabilen duvarlar ve ¢ikislar gibi {i¢ sinir
yamasindan olusan bir 3B ¢oziim ag1 ile sonlu hacimli bir CFD ¢6ziiciisii kullanildi.
Anevrizma duvarinin deformasyonu i¢in dogrusal bir elastik malzeme modeli
diisiiniildii ve yapisal hesaplamalarda, yaklasik 12000 elementten olusan kati bir
hesaplama alani ile bir sonlu eleman ¢oziiciisii kullanildi. CFD ve sonlu eleman
¢oOziiciiler arasindaki baglanti i¢in bir agik kaynak koddan yararlanildi. Sonuglar, zirve
sistolde, anevrizma kubbesindeki akisin girdap yapisinin karmagik oldugunu gosterdi.
Ayrica, akis alanindaki kararsizliklar, duvar malzemesinin olasi bir zayiflamasinin
kesinlikle yirtilma ve kanama riskinde bir artiga yol acacagindan dolay1 yogun kesme
kuvvetleri iretti. Akis alaninin diizensizligi, yiiksek OSI ve disik TAWSS
degerleriyle eslesen belirgin duvar yer degistirmeleriyle sonuglanan, von Mises
gerilmelerinin biiyiik degerlerini elde etti. Maksimum yer degistirmeler, cogunlukla
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carpma bolgesinde kalmasina ragmen, kubbenin her yerinde duragan olmayan bir
hareket sergiledi.

Son olarak, 7. b6llm sirasiyla sonuglari ve yorumlari igermektedir.
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1. INTRODUCTION

It has been known that the vascular endothelium acts as a protective dynamic interface
between blood and the vessel wall [1], but deteriorates under long exposures to
extreme shear conditions. As a result, the wall starts to deform and forms a balloon in
the weakened area in a blood vessel. This phenomenon is named cerebral aneurysm
(variously called an intracranial aneurysm). A cerebral aneurysm is a weakened region
on the wall of an artery in the brain, where an abnormal bulging happens due to the
mutual exchange of momentum between the blood flow and arterial walls. The strong
shear due to abnormal blood pressure, combined with genetic predisposition, leads to
the formation of focal dilation and eventually extremely thin spots [2,3]. Hence, there
is always a risk of rupture and internal bleeding in such regions in 3 to 5% of the
population [4]. The mechanisms leading to the formation of an aneurysm clearly
requires a better understanding of the blood flow in arteries, which involves time-
dependent complex physics with several cyclic steps that recirculate the oxygen,
carbon dioxide and nutrients in the body [5,6]. We know that the characteristics of the
flow highly depend on the transport properties of the blood, which itself is a
multicomponent fluid consisting of four main components: Platelets, white blood cells
(WBCs), red blood cells (RBCs) and plasma where the latter two makes up about 96%
of human blood volume. The ratio of the volume of the RBCs to the volume of whole
blood is called haematocrit (H), whose normal range differs from H41% to H50% for
a healthy man and H36% to H45% for a woman. However, it has been known that the
percentage of the RBCs can change dramatically, affecting human health condition in
a negative way [7-9]. Haemoglobin, the main component of RBC, is the iron-rich
protein that transports oxygen from the lungs to the rest of body tissues and takes the
carbon dioxide back to the lungs. Anemia is the condition when the body does not have
enough RBCs (low haematocrit) and the patient may suffer from haemoglobin
deficiency, inadequate oxygen supply to the tissues and excessive bleeding where
patient with haematocrit level less than H30% are exposed to high mortality risk [10].

The presence of excessive number of RBCs in the blood (high haematocrit) is called



polycythemia, which can increase the viscosity, reduce the recirculation capacity and
raise the risk of thrombus formation [11].

With the advancement of computer technology, however, the computational fluid
dynamics (CFD) approach has offered a significant improvement in identifying the
connection between blood flow and the disease, leading to better diagnosis and
treatment of the intracranial aneurysm. Flow properties such as the complexity of
velocity, pressure and shear fields as well as the rate of inflow and the size and shape
of the impingement zone can be obtained from the blood flow CFD analysis, which
are then used to assess the aneurysm rapture risks [12]. It is clear that the blood flow
CFD analysis must consider the blood as a multicomponent multiphase fluid, which
consists of red and white blood cells, platelets and plasma. Biological and clinical
studies indicate that the red blood cells (RBCs) are the essential constituent of blood
clotting though their continuous aggregation often causes thrombus formation [13]
which is frequent in large size aneurysms [14].

Hence, depending on the level of complexity of the analysis, a three-dimensional
multicomponent, multiphase transport model [15-17] is required to define the blood
dynamics, although the single-phase assumption has also been widely used [12,18,19].
Furthermore, one needs to take into account the shear thinning property of the blood
in which the viscosity has to take into account case-dependent features of plasma and
RBCs and, thus, consider the hematocrit rate, RBCs aggregations and local flow
properties such as shear rate and temperature [20,21]. When the single-phase non-
Newtonian assumption is used, the shear thinning behaviour of blood has been
modelled using Casson or Bird-Carreau correlation [22,23]. In that, the flow is
considered as a blend of the plasma and the RBCs and, thus, the viscosity of blood is
determined by the viscosities of the Newtonian continuous phase (plasma) and the
non-Newtonian dispersed phase (RBCs) [15,24].

Furthermore, the Fluid Structure Interaction (FSI) technique seems to provide
significantly valuable information on the interactions of the blood flow and the vessel
wall. Hence, using the FSI approach we can solve the equations of the blood flow and
the deformable vessels using either monolithic approach with a single solver [25] or
partitioned methods where two separate solvers are used for the flow and the structure
[26]. Although the latter approach produces reasonably precise results, it is

computationally slow due to expensive data transfer procedure. Experience, however,



shows that the convergence checks at the end each time step makes it ideal for use in
the context of cerebral aneurysms, in that three-dimensional Navier-Stokes equations
and linear elastic model can be used for the modeling of non-Newtonian blood flow
and the vessel deformation, respectively. The FSI on the other hand, brings further
intricacy due to the implementation of mesh motion, where the Immersed boundary
method (IBM) and the Arbitrary Lagrangian Eulerian (ALE) appear to be the two
prevailing options. The idea behind the IBM is based on solving the fluid equations
for a fixed background mesh [27]. In the ALE method, however, the conditions at the
fluid-solid interface are treated in the discretized equations as if the physical
conditions. Thus, the fact that a change in flow field or deformation in solid phase will

distort the interface [28] requires a dynamic mesh concept.

For the implementation of an FSI problem, two open-source coupling libraries are
available in the literature: The first one is the FSI solvers already imbedded in the
extensions of the open-source code OpenFOAM, e.g. fsiFoam and solids4Foam
[29,30]. The other one is to use the preCICE multi-physics coupling toolkit [31-33].
Both libraries are ALE based FSI toolkits which enable strong coupling algorithms
such as the IQN-ILS (Interface Quasi-Newton with Inverse Jacobian from a Least-
squares) acceleration [34] and Aitken acceleration [35,36], where IQN-ILS leads to a
faster convergence in both tools. Among the various data mapping techniques offered
by the solids4Foam, e.g., directMap, Radial Basis Function (RBF) and General Grid
Interface (GGI), the directMap can lead to a better convergence, but one needs to avoid
non-conformal fluid-solid meshes at the coupling interface. Aneurysms however
involve very complex geometries, where the spatial discretization inevitably results in
the tetra-mixed non-conformal meshes. Under these circumstances, a better mapping
method than the solids4Foam offers needs to be used. The preCICE, on the other hand,
offers the Nearest Neighborhood and the Nearest Projection mappings [37]. The
Nearest Neighbor is a first order method, beneficial in terms of computational time
and ease of use, but better suited to stationery meshes. The Nearest Projection is,
however, a second order method, in which the data was projected onto the mesh
elements and interpolated before transforming to the other side. Despite the higher
computational cost, the Nearest Projection overweights the Nearest Neighbor in terms
of numerical accuracy. Hence, the use of both techniques appears to be the most proper

mapping method.



1.1 Purpose of Thesis

The purpose of this thesis can be divided in three sections. First, the CFD approach
was used to compare the single- and two-phase treatments of the blood flow in two
cerebral aneurysms. A quick summary of the single-phase flow theory is given here
and then a comprehensive description of the two-phase approach and the relevant
viscosity specifications. It also includes the validation results of the two-phase method
against an experimental data. Plus, we describe the patient-specific aneurysm cases
and the numerical implementations of the two-phase model. This study presents an
appraisal of the approach and interpretations of the flow complexity, features of the
inflow diversion zone, penetration depths and the shear stress parameters such as the
TAWSS and OSI.

Second, the two-phase Euler-Euler approach is used to enlighten the effect of
variations in the haematocrit level to cure the blood flow issue in two cerebral
aneurysms. It presents an appraisal of the approach and interpretations of the flow
complexity, features of the inflow diversion zone, penetration depths and the shear

stress parameters.

Finally, it presents an appraisal of the FSI approach and its implementation. A quick
summary of the particulars of the FSI application is given here where we discussed
interpretations of the flow complexity, features of the inflow diversion zone and

penetration depths with emphasis on the shear stress parameters.



2. THEORY OF SINGLE-PHASE, TWO-PHASE AND FLUID-STRUCTURE
INTERACTIONS

This chapter gives a very deep understanding about the mathematical theory behind
the single-phase and two-phase blood assumptions. Considering the non-Newtonian
nature of blood, two non-Newtonian viscosity models (Casson for single-phase and
Carreau—Yasuda for two-phase blood assumption) are discussed here. Then it proceeds
with FSI concept where an appraisal of the FSI approach and its implementation, the
governing equations regarding the single-phase blood assumption and mechanics of
deformable vessel structure are discussed in detail. One of the most important aspects
of this thesis is to use open-source solvers for numerical implementations. Regarding
the implementation of single-phase and two-phase blood CFD analysis, OpenFOAM
is used which is free and open-source software for CFD from the OpenFOAM
Foundation. For the implementation of an FSI problem, the preCICE multi-physic
coupling toolkit is used in order to couple OpenFOAM (FVM CFD solver) and
CALCULIX (FEM structure solver). Furthermore, two wall shear stress based
hemodynamic indexes (TAWSS and OSI) are introduced which can be used in order

to make a bridge from numerical results to rupture risk assessments.

2.1 Single-Phase Treatment of Blood Flow

2.1.1 Governing equations

The simplest approach for the motion of blood in artery vessels is to assume a single-
phase flow. Surely, this is a very bold modelling and although it is computationally
fast and requires low memory, it neglects fluid physics associated with the two-phase
nature of the blood. Yet it has been common to use it to compare the effectiveness of
the model parameters with those in the two-phase calculations. Considering
incompressible laminar blood flow, three-dimensional equations for continuity and

momentum transport can be written as,
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where Uy is the local fluid velocity vector, p is the pressure, p represents the density
of the blood and T denotes the stress tensor,

T=ps+v|vU;+ (vUp) | -2viIv-u; 2.3)
here I denotes the unit tensor, & represents the Kronecker delta function and ()7

denotes the transpose of the matrix. The last term in equation 2.2 represents the

gravitational acceleration.
2.1.2 Non-Newtonian Viscosity of Single-Phase Blood Flow Model

Regarding the non-Newtonian fluid behaviour, the Casson correlation is exploited,
which is a basic viscosity model used in blood rheology with the specified minimum
and maximum Viscosities (Vyin and Vye,)- In this model, the viscosity can be
described by a square-root relationship provided that the stress is beyond a threshold

level 1o,

v=(/To/5s * \/E)Z Vmin <V < Vmax (2.4)

Here & refers the consistency index and § is the rate of shear strain defined as § =

[ —.\T J—
V2S:S where S = VU; + (VU;) , and the overbar () is the ensemble average over a

cardiac cycle. Model constants used in this study are given in Table 2.1,

Table 2.1 : Constants used in the Casson blood viscosity model.

Parameter Value
& 3.934986x10°

T, 2.9032x10°®
Vimax 13.3333x10°®
Vinin 3.9047x10°

2.2 Two-Phase Treatment of Blood Flow

2.2.1 Euler-Euler method

Contrary to the single-phase assumption, in reality the plasma is the

liquid component of the blood, which holds the dispersed RBCs and other constituents



in suspension throughout the blood vessels. This means that one should consider the
effects of the RBCs in the continuous plasma liquid. The Euler — Euler method [38,39]
assumes that the dispersed RBCs behave like a fluid, which avoids tracking the
particles, reducing the numerical cost particularly in real world situations where the
Lagrangian particle tracking is almost impossible. Hence, this model can indeed be
considered as a two-component flow, in that the dispersed and continuous phases are
treated as two co-existing continua. The concept of phase (or component) volume

fraction (a,) is introduced to describe the phase transport, where the sum of phase

fractions at each location is equal to one

Ya,=1 (2.5)

where ¢ refers ¢ (plasma - continuous phase) and d (RBCs - disperse phase). Hence,
two sets of transport equations need to be solved simultaneously for each phase. In this
study, we will ignore the enthalpy changes (with an isothermal flow assumption) and,
due to low Mach and flow Reynolds (Re < 500) numbers, we will assume an
incompressible laminar flow. For flows with no phase change, the phase transport

equation can be written as [24],

et v (aq0,) =0 (26)

where m the phase mean velocity. Summing equation (2.6) written for two phases

leads to continuity equation,
V-U=0 2.7)

where U = @ U, + @,U 4. The momentum transport is given as,

6a¢ﬁ¢ = = _ a¢ — — _ M¢
T+V((X¢U¢U¢) ——ﬁ—¢|7p+|7-0¢+a¢g+ ﬁ_cj) (28)

where g denotes gravitational acceleration and o, refers the stress tensor which is

given for the plasma phase,
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and for RBCs phase,
— — _ —_ — T 2 —
O, = —pds + agvy [VUd + (VUd) ] - gadvd 1V - Ud (29b)

where § refers the Kronecker delta, I denotes the unit tensor. v, and v, are the
viscosities of the plasma and the RBCs, respectively. p , is the particle pressure, which
is assumed negligibly small within the hematocrit values considered in the present
investigation [15]. Finally, in the last term, ﬁ¢ represents the average inter-phase

momentum transfer term, whose instantaneous value can be written as,

M¢Vd

aq

Here V,; denotes the volume of the disperse phase elements, Fp represents
instantaneous drag force, F; lift, Fj,, virtual mass and F, other forces like the Basset
force [40]. It is known [24] that the other momentum transfer mechanisms are

negligible compared to the interfacial drag force, which is retained and given as
1
Fp= ;pCACDl Url U, (211)

where U, = U,; — U, is the slip velocity, A and Cp, are the contact area and the drag
coefficient, respectively. The formulation closes with the Schiller — Naumann drag
model [41,42],

= (1+0.15Re%%7) if Rey < 1000

0.44 if Reg > 1000
where Reg; = pcddlll]lﬂ ; d 4 being the diameter of RBC’s and ¢ the shape correction

factor, which brings the dependence on the shape of the disperse phase element. In this
study, for the sake of simplicity, we use the formulation for a sphere in continuous

flow and, thus, ¢ is set to 1.



2.2.2 Non-Newtonian viscosity of two-phase blood flow model

It is obvious that the thermophysical properties of the two-phase flow are based on a
completely different constitutive structure than a single-phase flow system. Since the
blood is the mixture of plasma and RBCs, the viscosity of blood must be determined
as a combination of their viscosities, in that the RBCs phase, which exhibits a shear-
thinning non-Newtonian fluid behaviour in shear flows, is in constant interaction with
the Newtonian plasma flow. The plasma contains about 92% water and its density and
viscosity can be set as 1060 kg/m?® and 0.0011 Pa.s, respectively. Hence, the traditional
non-Newtonian viscosity model of Casson [15], which is lacking an appropriate non-
Newtonian viscosity model complying with the rheology of the RBCs, cannot be used
in the two-phase blood flow modeling. However, the Carreau-Yasuda viscosity model
can be further modified to describe the shear-thinning behavior of blood flow in which
the RBCs viscosity can be extracted from dimensionless mix viscosity [15].
Considering, pg and p. as the viscosities of the RBCs and plasma, the dimensionless
relative mixture viscosity n was defined as,

n= aq Md;;aCMC _ m[l + (A'S'.)Z](n—l)/z (213)

where A denotes the time constant, which was set at 0.11 s [43], m and n are the

hematocrit functions and, if the shear rate s > 6 then,

n = 0.8092 ai — 0.8246 a3 — 0.3503 a4 + 1 (2.14)
m= 122.28 a3 — 51.213 a2 + 160305 a; + 1 (2.15)
and, if § < 6 then,
% = —0.8913 a3 + 2.0679 a3 — 1.7814 a4 (2.16)
m= 70.782 a3 — 22.454 a? + 9.7193 a5 + 1 (2.17)
ko =In{In[1 + (1$)?] V/In[1 + (1$)?] (2.18)

Next, we will show the performances of the two-phase flow approach and the relevant
viscosity correlation (Carreau-Yasuda) in modelling the behavior of the RBCs.



2.3 Modeling of Fluid-Structure Interaction

2.3.1 Governing equations

In order to take into account, the continuous interactions of the non-Newtonian blood
flow with the living tissues of the wall through the interface, I'ts, (see Figure 3.1) there
must exist a frequent data exchange between the fluid region () and the solid domain
(Qs). Hence, the interactions were embodied with the compliance conditions at the
wet-surface, in that the flow velocity must be equal to the velocity of the boundary,
Urr = Usr (2.19)

which is known as the kinematic continuity. Similarly, the surface stress calculated at
both fluid and solid part of the interface should be equal,

Osr*Ngr = —0Ofp " Nyr (2.20)
which is called the dynamic continuity and entails

Ngr = —MNgr (2.21)
\\
Ff, S

Figure 2.1 : Flow and structure domains seperated by a wet-surface.

2.3.2 Description of flexible blood vessel

Considering the linear elastic material model for the deformation of the aneurysm wall,

the constitutive equation can be defined using isotropic Hooke's law,
o = 2use + Atr(e)l (2.22)

where A is Lamé's first parameter, I is the unit tensor, tr() denotes the trace of the

matrix and & denotes the classical Cauchy strain tensor,

N |-

£==[VD,+ VD] (2.23)

D being the displacement vector in the solid part. The equation of motion for the
linear elastic material hence can be written in terms of the local solid velocity vector

U; as,
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2.3.3 Parameters of footprints of flow structures and solid motions

A wide variety of studies also showed that non-dimensional parameters based on the
footprints of flow structures, particularly, the wall shear stress (WSS) in the aneurysm
region can be exploited to reveal the characteristics of arterial flow and the complex
wall response [44-46]. The time-averaged wall shear stress (TAWSS) is an integral

value of the magnitude of WSS over a cardiac cycle

1 /T
TAWSS = — [[|WSS|dt (2.25)

and represents the tangential force on the surface of the arteries where high shear stress
aligned in the direction of flow seems to promote endothelial cell survival [47].
Therefore, the TAWSS is one of the prevailing hemodynamic indexes used in blood
rheology, but, as far as rupture risk assessment is concerned, the preference of either
high or low TAWSS still remains controversial [48]. The oscillatory shear index (OSI)
Is a hemodynamic dimensionless metric that can help to characterize the flow as
unidirectional or oscillating, and is a measure of the deviations of the wall shear stress

vector from the direction of the mean flow throughout a cardiac cycle

T
0SI = 05 <1 _ M)

[T \wssldt (2:26)
The OSI varies from zero to 0.5, in that zero OSI values show that the flow instabilities
in the arteries are marginally small, while values near to 0.5 features strong deviations
of the shear stress from the main flow direction [49]. Consequently, high OSI values
indicate intimal thickening in the artery walls. Indeed, there is a large amount of
statistical hemodynamic studies, which indicate that the coincidence of low TAWSS
and high OSI in an arterial region appears to be the main indicator of rupture initiation

[50,51].

The deformations in the wall of a cerebral aneurysm were also featured by its

displacement which is directly linked with the von Mises stresses. The von Mises

11



stresses are therefore used to predict yielding or fracturing of materials under complex

loading and can be written as,

Oyon Mises

= \/0-5[(011 — 032)% + (022 — 033)% + (033 — 011)% + 6(012% + 0232 + 0137)]

(2.27)
where g1, 05, and g35 refer to normal stresses and gy, 0,5 and g;5 correspond to
shear stresses. In order to understand the correlation between material behavior and
the hemodynamic stress analysis parameters (OSI and TAWSS), one then needs to

compare the von Mises stress distribution with those of the OSI and TAWSS.
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3. NUMERICAL IMPLEMENTATIONS

3.1 Patient-Specific Aneurysm Geometries and Flow Domain

Two patient-specific cerebral aneurysms studied in the present investigation. The first
patient (Figure 3.1a) was a female of 41 years old, who had anterior communicating
artery aneurysm with concomitant subarachnoid hemorrhage and left frontobasal
hematoma. At angiography, an irregularly circumscribed aneurysm was detected in the
anterior communicating artery, including the right A1-A2 junction, with a slightly

anterior-downward oriented bilobed shaped of approximately 6.5x4.5x3.5 mm in size.

The second patient (Figure 3.1b) was a female of 62 years old, who had dolichoectatic
carotid and vertebral arteries. A complex aneurysm with a bilobed contour of size of
13x8 mm was detected in the roof of the cavernous segment of the right internal carotid
artery. No additional pathological features were detected in intracranial arterial
segments and parenchymal venousphases were natural. The 3D images in digital
imaging and communications in medicine format were anatomically remodeled into

patient-specific 3D geometries in the STL format.

Both aneurysm cases consisted of three boundary patches: the inlet, rigid walls and
outlets. During the finite volume mesh generation process, tetra elements were formed
within the core region, connected with 3 layers of prism elements in the vicinity of the
walls. A further increase in the mesh resolution was achieved in regions of critical

importance, and the overall mesh consisted of roughly 300,000 cells (Figure 3.1).
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b) Patient-2

Figure 3.1 : Patient-specific aneurysm models and the corresponding 3D meshes.

3.2 Flow Solvers, Boundary Conditions and Numerical Schemes

For the CFD analysis the OpenFOAM software is used as the computational platform.
Since there are two sets of Navier-Stokes equations, one needs to specify velocity and
phase volume fractions for both phases separately. The time-varying velocity,
corresponding to the two inflow pulses between systole and diastole (Figure 3.2)
measured in the internal carotid by Ford et al [52] was used as the inlet boundary
condition., no-slip at the walls and a Neumann-type boundary condition
(pressurelnletOutletVelocity) at the exit. The pressure field is represented in
hydrostatic pressure, which was defined by a Neumann-type boundary condition
(fixedFluxPressure) at the inlet and at the walls and, at the exit, a Dirichlet-type

14



boundary condition (prghPressure) prescribed by an atmospheric value of 101325 Pa
is applied. The phase fractions are described by a Neumann-type boundary condition
(zeroGradient) at all boundaries except for the inlet, where they were defined by a
Dirichlet-type boundary condition. The discretization schemes used are; for the
gradient, Least-Squares Gauss linear, for the divergence Gauss vanlLeer, for the
convective fluxes Gauss linear upwind and finally for the Laplacian term Gauss linear
corrected. A first-order Euler formulation is used as the time scheme. The CFL
(Courant Friedrichs Lewy) number is fixed at 0.5 so that an adjustable time stepping
from 10 to 10° s is used. The PIMPLE algorithm, which, as far as the efficiency is
concerned, has the advantages of both the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) and the PISO (Pressure Implicit with Splitting of
Operator) algorithms and, therefore, is used with 3 outer corrector loops. The strategy
is to implement iteratively the Flux Corrected Transport technique using the MULES
(Multidimensional Universal Limiter for Explicit Solution) algorithm to ensure the
boundedness in the solution of hyperbolic problem. 28 processors were utilized for the

computations run with an accuracy (residual) of 10°.

2

1.5 r

Normalized flow rate

Time (s)

Figure 3.2 : Measured normalized flow rate for the internal carotid [52].
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3.3 Structural Solvers, Boundary Conditions and Numerical Schemes

Considering the FSI analysis, the patient-specific cerebral aneurysm geometry studied
in the present investigation was exactly the same as patient-1 (The patient was a female
of 41 years old, who had an anterior communicating artery aneurysm with concomitant
subarachnoid hemorrhage and left frontonasal hematoma). Here, the vessel wall
structure was also augmented as well (Figure 3.3). The 3D mesh of the solid domain

is consisted of roughly 12000 elements.

Solid Mesh

Fluid Mesh
Figure 3.3 : Patient aneurysm model and the corresponding 3D meshes used in FSI.

For the structural analysis, the CALCULIX finite element (FEM) solver [53] was used
where the Young’s Modulus and the Poisson ratio in the linear elastic model were set

as 1 MPa and 0.49, respectively. Furthermore, among three boundary patches the
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deformable walls were set free to move in all directions, but the ends (the inlet and
outlets) were completely fixed.

An open-source code, the preCICE, was used as the coupling tool (Figure 3.4), which
offers two coupling schemes (explicit and implicit) for the execution order of the finite
volume CFD and finite element structural solvers. The explicit (weak) scheme couples
the fluid and solid participants once per time window, which does not have sufficient
complexity for the current analysis. The implicit (strong) scheme, however, uses the
FSI coupling convergence criteria in the multiple times until the convergence is
achieved, and is more suitable for frequent and complex structural deformations
[31,37].

preCICE (FSI coupling)
\

~ 1
CALCULIX (Solid solver) OpenFOAM (Fluid solver)
| |
[ I [ 1
cas.inp boundary.nam allmsh 0 constant system
* Young modulus * Movable wall  « FEM mesh * U = polyMesh « controlDict
* Poisson ratio * Fixed ends * P+ transportPropertics * decomposeParDict
* Boundary canditions . + dynamicMeshDict «  fvSchemes

e * fvSchemes

Figure 3.4 : FSI directory structure in the preCICE used for analysis of aneurysm.
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4, CFD ANALYSES OF SINGLE- AND TWO-PHASE BLOOD FLOWS IN
ANEURYSMS AND THEIR USE IN IDENTIFYING THROMBOSIS
FORMATION AND RISK ASSESSMENT

In this chapter, the blood transport has been investigated using the single- and the two-
phase methods. In two-phase Euler-Euler approach, the blood is represented by two
interpenetrating continua where the dispersed red blood cells of non-Newtonian
characteristics are suspended in the continuous Newtonian plasma. The results of two-
phase model, where the RBCs phase is assumed to be Carreau—Yasuda fluid, are
validated against the experimental data. Furthermore, comparative analyses were
performed in two patient-specific aneurysms, which indicated that for a given pulsatile
flow rate, the two-phase blood approach has vitally advantageous over the single-phase
assumption, and revealed a deeper inflow penetration, more complex flow structures
and denser flow diversion zones in the aneurysm sac. It was obvious that the high OSI
values calculated by the two-phase model covered much wider regions than the single-
phase predicted. It was equally crucial that these regions coincided with the TAWSS
values lower than the threshold that the single-phase approach can predict. Apparently,
the single-phase model failed to spot sites of high rupture risk. The results were further
exploited to identify the RBCs aggregation regions as, for example, the concave
structures and narrow paths in the saccular aneurysms, for their possible use as the

precursors of the thrombus formation.

4.1 Two-Phase Model Validation Against the Experimental Data

The experimental configuration by Karino and Goldsmith [54] presents a perfect flow
case to observe the advantages of the two-phase model results and attracts a
considerable attention in the development of computational models because of its well-

defined boundary conditions.

19



Figure 4.1 : Flow configuration [54] and meshing of the computational domain.

The computational setup is designed to match the experiment, Figure 4.1, which was
comprised of a large glass tube with a length of L = 700 um and diameter D = 504 um
and a cylindrical inlet with a length of | = 150 pm and diameter d = 154 um. The flow
with uniform velocity, Uin, enters through the inlet cylinder, expands into the large
tube and exits from the top. In two different cases, the inlet velocity is set to 0.0757

ms™and 0.233 ms™. Fluid properties and hematocrit values are given in Table 4.1.

Table 4.1 : Parameters used in the numerical setup for 1% hardened human red cells.

Parameter Value

RBCs density 1100 kg m—3
Plasma density 1060 kg m~3
RBCs diameter 7.2 um

For the validation simulations, the balance equations described in Section 2 are solved
by a finite-volume method on a mesh of hexahedral volume elements in multi-block
structured topology, which allows grids of high resolution. The computational domain
was discretized in a 3D grid of 170,000 cells (see Figure 3.2) and the OpenFOAM
software [55] is used as the computational platform. The velocity at the inlet was
described by a Dirichlet-type boundary condition [56] with a uniform value (in the
OpenFOAM terminology, it is referred as fixedValue), no-slip at the walls and a
Neumann-type boundary condition (pressurelnletOutletVelocity) at the exit. The

pressure field is represented in hydrostatic pressure, which was defined by a Neumann-
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type boundary condition (fixedFluxPressure) at the inlet and at the walls and, at the
exit, a Dirichlet-type boundary condition (prghPressure) prescribed by an atmospheric
value of 101325 Pa is applied. The phase fractions are described by a Neumann-type
boundary condition (zeroGradient) at all boundaries except for the inlet, where they
were defined by a Dirichlet-type boundary condition. The discretization schemes used
are; for the gradient, Least-Squares Gauss linear, for the divergence Gauss vanLeer,
for the convective fluxes Gauss linear upwind and finally for the Laplacian term Gauss
linear corrected. A first-order Euler formulation is used as the time scheme. The CFL
(Courant Friedrichs Lewy) number is fixed at 0.5 so that an adjustable time stepping
from 10° to 107° s is used. Ten processors were utilized for the computations run with
an accuracy (residual) of 10®. Figure 4.2 provides the contours and streamlines of the
RBCs velocity field for the two inflow velocities (U;,,; = 0.0757 ms™ and 0.233 ms™).
The most important feature of the flow is the toroidal vortex, which is perceived as
two symmetric vortices on the sampling plane presented. The inflow penetrates
through this vortex into the large tube and, after the reattachment point, the fully
developed flow moves towards the exit. It is apparent that the vortex becomes stronger
and larger with the momentum of the inflow. However, inside the toroidal vortex, there
always exists a low velocity region, which is critical for the RBCs aggregations. Thus,
the small vortex structure (Figure 4.2a) creates a less dynamic and stable zone for the
RBCs aggregation compared to the large vortex (Figure 4.2b) where the velocities are
much larger. The velocities probed along the line AB (in red color) crossing through
the center of the vortex is expected to provide useful data for studying the rheological
features of the RBCs. It is apparent that in both cases (U;,; = 0.0757 ms™ and 0.233
ms1), the numerical simulations show an excellent agreement with the measurements.
Hence, it is concluded that the two-phase flow approach and the Carreau—Yasuda
viscosity model both have a great potential to predict the blood flow with proper

consideration of the plasma and the RBCs.
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Figure 4.2 : Velocity of the RBCs: a) U;,,; = 0.0757 ms™ and b) U;,,; = 0.233 ms™.
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4.2 Application to Aneurysm Cases

4.2.1 Inflow concentration depth

Figure 4.3 shows the inflow jet concentrations for the single- and two-phase
configurations. An examination of the velocity contours reveals that the inflow
features observed in the single-phase flow computation remain relatively simple and
stable, lacking the sufficient information about the inflow pattern inside the aneurysm
sac. The two-phase blood model, on the other hand, presents significantly deeper
penetrations with complex and unstable flow structures. It is obvious that while the
single-phase model fails to identify the imminent threat to the patients’ life, the two-
phase model successfully captures the risky flow penetrations into the aneurysm sac.
When we assess the rupture risks of both patients by considering the two-phase model
predictions only, it is apparent that compared to the Patient-1, the penetration seems
much deeper in the Patient-2, forming a helical open loop inside the aneurysms dome.
We anticipate that the circulating flow in the helical loop will be more prone to
generate higher order flow modes and, thus, acts as a continuous source of instability.
This condition eventually leads to fluctuations at various time and length scales, each
of which makes its own contribution to degrade the structural integrity of the aneurysm

wall.
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Figure 4.3 : Inflow concentration depth at the peak systole.

4.2.2 Flow complexity

The complexity of flow is another hemodynamic measure, where the CFD simulations
make a significant contribution to the risk assessment. Figure 4.4 presents the
characteristics of the blood flow at different sections normal to the aneurysm sac. It is
beyond doubt that the two-phase blood model was considerably better to unveil the
details of the flow within the ballooned region, in that the vortex structures appear
larger in number and in strength than in the single-phase flow model. We know that
the presence of such complex structures inside the aneurysm is the major cause of the
aneurysm rupture. Particularly, the blood flow of the Patient-2, where a toroidal vortex
structure existed inside the aneurysm dome, is more involved with the formation of
the secondary vortices, which prove the previous assertion on the higher order modes.
Furthermore, the lower velocities predicted by the single-phase model indicate longer
residence times, which result in incorrect perceptions as if less fluctuations occurring
in the wall shear stress and its direction. This, of course, falsely reduces the true rupture

risk in high-risk cases.
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Figure 4.4 : Velocities and streamlines in the aneurysm’s sac at the peak systole.

4.2.3 Flow impingement zone

Except for the slightly lower velocities observed in the single-phase calculations,
Figure 4.5 shows that both flow models work surprisingly well in predicting the
diversion of the inflow by the walls in the aneurysm region. The results, however,
reveal that the inflow in the aneurysm region of the Patient-1 (Figure 4.5a) impinges
with a very high momentum on an area as large as half the aneurysm region. These
conditions seem to elevate the wall shear stress and develop undulations on the surface,
which concurrently results in rapid changes in the direction of the wall shear stress.
This situation remarkably increases the rupture risk for the Patient-1 compared to the
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Patient-2. Evidently, even this piece of information plays a vital role in the assessment
of aneurysm statues.
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Figure 4.5 : Details of flow in the impingement zone at the peak systole.

4.2.4 Velocity profiles

The velocity profiles over L1, L2 and L3 cross lines passing through the aneurysms

sac region were extracted for the single- and two-phase configurations (Figure 4.6).



These locations were selected because the primary inflow stream ends its way in the
aneurysm sac before rejoining the upcoming stream, where the flow field becomes
more complex as the upcoming flow encounters with a stronger primary stream. Thus,
it can be said that as the primary flow field preserve its momentum throughout the
aneurysm sac, the risk of rupture would be increased simultaneously. It is clear that
for both aneurysms, the two-phase flow shows significantly higher (1.5 times higher)
velocity values. Also, it has been known that the depending on characteristics of the
inflow jet, a secondary sac formation develops inside the aneurysm region. Hence, the
shape and the values of velocity profiles becomes critically important to determine the
growth direction of the aneurysms and a possible formation of a daughter sac. The
two-phase results demonstrate two companion velocity peaks at the L1 and L2
locations, which merge into a single peak at the L3. It should be emphasized that the
sharpness of the peaks makes them even more critical for a possible surface
deformation in the aneurysms sac. The single-phase results, on the other hand, exhibit
relatively milder velocity gradients with no severe peak inside the sac, though the sac

region contains several surface inflations large enough to divert the flow field.
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Figure 4.6 : Velocity profiles within the aneurysm sac regions at the peak systole.

4.2.5 Wall shear stress based hemodynamic analysis

As we have mentioned in section 2.4, the wall shear stress (WSS) based hemodynamic
analysis is a prevailing assessment tool in the aneurysm initiation, growth and rupture

where the high WSS is associated with the initiation phase and the low WSS is
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supposed to contribute to growth and rapture phases. In the present investigation, the
clinical reports provided for the both patients indicate that the size of the aneurysms is
large enough to consider a rupture risk. Hence, we need to consider a combination of
WSS based indexes such as OSI and TAWSS values. But before discussing the time-
averaged values, we will first consider the instantaneous WSS values at different
spatial locations for the single- and two-phase calculations. Figure 4.7 shows that the
maximum instantaneous WSS occurs near the aneurysm neck region, whereas the
lower values are observed in the tip and bleb regions. The WSS values calculated for
the single-phase model are seen to be higher than the WSS values for the two-phase
model at points P1, P2 and P3 of the Patient-1 and the point P1 of the Patient-2. As we
moved from the higher flow region (neck zone) toward the lower flow region (tip and
bleb zones), the two-phase model gives higher WSS values than those of the single-
phase model. A close examination of the WSS values of the two-phase model at
different locations also shows that the wvalues of hemodynamic forces are
predominantly determined by the values of the RBCs and this becomes even more
apparent if the hematocrit rate is above the normal rate (%45). And this is an important
feature, which is not possible to observe in a single-phase calculation. Comparing the
measures of the shear stress, TAWSS and OSI, for both single- and two-phase
calculations, Figure 4.8, it was evident that the results were not coherent in terms of
magnitudes and locations of the extreme values. The single-phase approach predicted
the TAWSS values by roughly 50% higher for both aneurysm cases. Besides, at
locations with low TAWSS values, the single-phase indicated a very small area where
large OSI values were prevailing. Since the coincidence of minimum TAWSS and
maximum OSI values are of major concern, the single-phase model therefore exhibits
a much lower risk factor compared to the two-phase model. This once again confirms
the inadequacy of the single-phase model to capture the true risk. A much robust
performance of the two-phase approach in the risk assessment can be attributed to its
capability of representing the non-Newtonian RBCs suspended in Newtonian plasma,
which produces useful information on the RBCs aggregations. Hence, a further
examination of two-phase results reveals that the Patient-2 (Figure 4.8b) have multiple
regions, where the minimum TAWSS and the maximum OSI values were coincident,

and, thus, carries more rupture risk than the Patient-1 (Figure 4.8a).
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4.2.6 Possible regions of thrombus formation

Since the two-phase approach solves an independent set of equations for the RBCs,
we believe that we can quantitatively search and analyze the possible regions of
thrombus formation in our patients. It should be noted that both patients under
consideration have small size aneurysms and, thus, the thrombus formation may not
occur except in the regions containing concave surfaces or narrow passages. In order
to identify potentially critical regions where the aggregation likely to occur, the phase
fraction of the RBCs was averaged over one cardiac cycle for the Patient-1 on a
concave shell (Figure 4.9a) and for the Patient-2 in a restricted pathway (Figure 4.9b).
The Patient-1 and the Patient-2 both seem to have aggregations with RBCs
concentrations exceeding the input value of 0.45 by up to 0.9% and 1.3%, respectively.
Since the formation of thrombosis in the Patient-2 occurs at the constriction of the

aneurysm sac, the wall degradation in this patient is expected to be more critical.
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Figure 4.9 : Potential zones for RBCs aggregation in concave and narrow paths.
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5. AN APPLICATION OF TWO-PHASE BLOOD FLOW IN PATIENT-
SPECIFIC ANEURYSMS: EFFECT OF RBC CONCENTRATION

In this chapter, the effect of variations in the haematocrit level on the blood flow was
studied in two cerebral aneurysms using the two-phase Euler-Euler approach and the
Carreau—Yasuda viscosity model. The results showed that the maximum inflow jet
penetration was achieved at the lowest haematocrit level, and this accompanied with
strong flow impingements at the narrow corners deep inside the aneurysm sac and
undesired complex flow patterns spreading from entrance to the aneurysm dome. The
decrease in H level also changed the characteristics of the velocity profile inside the
dome from a single- to a double-peak profile, which increased the likelihood of a
daughter aneurysm formation. Furthermore, the TAWSS and OSI indicators showed
that lowering the H values could change an initially low-risk case into a very high
rupture risk situation.

The two-phase Euler-Euler approach was used to enlighten the effect of variations in
the haematocrit level to cure the blood flow issue in two cerebral aneurysms. A
comprehensive description of the two-phase Euler-Euler approach and the relevant
viscosity specifications were described in the previous chapter. The same patient
specific aneurysms and the numerical implementations of the two-phase model
discussed before were used here. However, this chapter presents an appraisal of the
approach and interpretations of the flow complexity, features of the inflow diversion
zone, penetration depths and the shear stress parameters based on varying Hematocrit

values.

5.1 Change in Inflow Jet Penetration Depth Based on Varying Hematocrit Values

We know that the penetration of inflow jet plays a major role in the aneurysm rupture
[57]. Figure 5.1 shows the depth of the inflow jet for the hematocrit values ranging
from H20 (extremely low) to H70 (extremely high) at the peak systole. It is clear that
for both aneurysm cases, the maximum depths occur at the low end of the haematocrit

values, where particularly H20, H25 and H30 present significantly deeper penetrations
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with complex and unstable flow structures. The depth then gradually decreases as the
H value increases. This is not surprising since increasing the blood mixture viscosity
at low shear rates, the RBCs aggregation in the aneurysm sac prevents further
penetration of the incoming flow. It should also be reminded that both extremely high
and low H values suggest a weak oxygen supply capacity, leading to arterial wall
weakening and so the vascular degenerative diseases.

When we consider the structural features of the flow penetration, we notice that the
blood flow of the Patient-2 forms a helical open loop inside the aneurysms dome, and
this indicates longer pathways or equivalently larger penetration depths, which
deepens with the decreasing H values. It is not difficult to conjecture that the
circulating flow will apparently be more prone to generate instabilities, which will
cause fluctuations at various time and length scales to degrade the structural integrity
of the aneurysm wall. Hence, when we assess the rupture risks of both patients, it is
clear that compared to the Patient-1, the situation for the Patient-2 must

cause most concern.
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Figure 5.1 : Depth inflow jet penetration at the peak systole.
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5.2 Change in the Streamlines Structure Based on Varying Hematocrit Values

We know that the presence of complex structures inside the aneurysm is the major
cause of the aneurysm rupture, and if there exist multiple vortices in the sac region,
the flow structure is considered as a complex pattern. Figure 5.2 represents the flow
patterns at two cross-sections (in a region close to the neck and in the ballooned region)
normal to the aneurysm sac for H values ranging from H20 to H70. Detailed
examination reveals that the local flow complexity at different parts of the aneurysm
dome is very dependent on the H value. For example, for the Patient-1, the flow for
the high H values was complex both in the neck and in the ballooned regions. However,
towards the lower end of the H values, particularly for H20, the complexity was shifted
up and became mostly confined in the ballooned region. On the other hand, for the
Patient-2, a trend slightly different than that for the Patient-1 was observed. For the
higher H values, the complexity of the flow pattern was confined only in the neck
region. However, as the H values decreases, the ballooned region became equally
complex. Hence, it can be concluded that the reduction of the H values generates more
complex flow structures in the aneurysm sac and promotes the risk of rupture in the
cerebral aneurysms. The situation becomes even more serious for a complicated
aneurysm geometry as, for example the Patient-2, where multiple zones in the

aneurysm dome might present high risk of rupture.
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Figure 5.2 : Streamlines in aneurysms sac at the peak systole.
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5.3 Change in the Flow in the Impingement Zone Based on Varying Hematocrit

Values

The flow in the impingement zone is another deterministic factor in the field of
aneurysm risk assessments. Figure 5.3 presents the velocity distributions in two
aneurysm cases. It is clear that at the high H values, the penetration of the incoming
flow is prohibited due to the accumulation of the RBCs in the aneurysm sac. Hence,
the entrance length remains shorter, and this feature can at first glance be thought to
decrease the risk of aneurysm rupture. However, as the H values decrease from H70
to H20, the inflow can reach the narrow corners located deep inside the aneurysm sac
where the high-momentum inflow is forced to make a turn. Our results reveal that the
diversion of the inflow jet after the impingement occurs milder for the Patient-1
compared to the Patient-2 where a much sharper turning takes place. The sharp turn in
the toroidal structure of the aneurysm of the Patient-2 is expected to cause a larger
momentum exchange with the wall and results in permanent deformations leading to
contusion on the tissues. This agrees with the fact that if the area of impingement zone
is small and if the velocity values are high in the cornering regions, the rapid change
of the direction of the wall shear stress raises the risk of aneurysm rupture dramatically
[12,58].
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Figure 5.3 : Details of flow in the impingement zone at the peak systole.
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5.4 The Change in Velocity Profiles Passing Through the Aneurysm’s Sac Region

Based on Varying Hematocrit Values

The flow in the impingement zone is another deterministic factor in the field of
aneurysm risk assessments. In order to investigate the effect of blood composition on
daughter aneurysm phenomenon, the velocity profiles over cross-lines (see Figure 5.4
for L1, L2 and L3) passing through the aneurysm’s sac region were extracted for
different H values from H20 to H70. It is clear that the same general features are
observed for the both aneurysms, in that the velocity profiles obtained from the line
L1 show two peaks whose magnitudes increase with the H values decreased from H70
to H20. The peaks gradually disappear on the velocity profiles obtained from the lines
L2 and L3, which exhibit milder gradients, even though the lower H values
demonstrate extremely higher velocity values. The high pressure attained at the wall
proximity where the primary inflow was about to stop is expected to lead to a
continuous deformation of the aneurysm walls in the direction perpendicular to the
direction local momentum maximum. That is to say, if the magnitude of the shear at
the vicinity of the wall becomes high, the risk of secondary (daughter) aneurysms will
increase dramatically [59]. These results clearly show that the RBCs composition of
the blood has strong influence on the pressure and wall shears stresses and,

consequently, the risk of deformation and the formation of daughter aneurysms.
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Figure 5.4 : Velocity profiles within the aneurysm sac regions at the peak systole.
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5.5 The Change in Spatial Variations of the Instantaneous Wall Shear Stress

(WSS) Based on Varying Hematocrit Values

The spatial variations of the instantaneous wall shear stress (WSS) are examined in
Figure 5.5 for different H values ranging from H20 to H70. It is evident that for the
both patients, the maximum values seem to occur near the neck region, where the
RBCs’ contribution to the WSS happens to be the largest particularly at the low end
of the H range. Knowing the fact that the high shear stress aligned in the direction of
flow seems to promote endothelial cell survival [47], the results indicate a decreasing
probability of rapture in those regions. On the other hand, the lowest instantaneous
WSS, which highlights the possible weakness, are observed in the tip and bleb regions:
P4, P5, P6, P7 and P8 for the Patient-1 and P3, P4 and P5 for the Patient-2.
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Figure 5.5 : Spatial variation of instantaneous WSS at the peak systole.
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5.6 The Change in Spatial Variations of the Oscillatory Shear Index (OSI) and
Time Averaged Wall Shear Stress (TAWSS) Based on Varying Hematocrit

Values

The experiments have also revealed [60,61] that the magnitudes of the flow
oscillations is also a measure of instabilities in the arteries. The deviations of the wall
shear stress vector from the direction of the mean flow is represented by the oscillatory
shear index (OSI) whose values can vary from zero (marginally small perturbations)
to 0.5 (large perturbations) which indicate intimal thickening in the artery walls [49].
Indeed, there is a large amount of statistical hemodynamic studies [50], which suggest
that the coincidence of high OSI and low time-averaged WSS values in an arterial
region appears to be the main indicator of rupture initiation. Figure 5.6 shows the
TAWSS and OSI values for different hematocrit levels. We first observe that the
predicted TAWSS values for both patient specific aneurysms showed extremely low
magnitudes around the sac region, where very large OSI values are observed.
However, although this might be perceived as a positive finding, it must be emphasized
that both the magnitudes and the locations of the extreme TAWSS and OSI were
changing simultaneously with the H values. Considering the case of the Patient-1, the
TAWSS values gradually decrease with the H values changing from H70 to H20. At
the same time, there is also a gradual shift in high OSI regions from the entrance
towards the middle sac. As a result, for the low hematocrit levels (< H35), the high
OSI values exactly coincide with low TAWSS values. This shows that a large
reduction in Hematocrit levels can change an initially low-risk case into a very high
rupture risk situation. Yet the clinical reports have indicated that the middle face of the
aneurysm sac for the Patient-1 becomes dangerously thin, which clearly demands an

immediate attention.
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6. USE OF PARTITIONED FSI AND ALE METHOD FOR MODELING OF
INTERACTIONS BETWEEN NON-NEWTONIAN BLOOD FLOW AND
DEFORMABLE VESSEL

In this chapter, the dynamics of the wall movements of a patient-specific aneurysm
dome were investigated using the interactions of the non-Newtonian blood flow and
the deformable vessels. The patient under consideration had an anterior
communicating artery aneurysm with a concomitant subarachnoid hemorrhage and left
frontonasal hematoma. A finite volume CFD solver was used with a 3D mesh of
roughly 300000 cells and three boundary patches; the inlet, deformable walls and
outlets. A linear elastic material model was considered for the deformation of the
aneurysm wall and, in the structural computations, a finite element solver was
employed with a solid domain of approximately 12000 elements. An open-source code
was exploited for the coupling between the CFD and finite element solvers. Results
showed that at the peak systole, the vortical structure of the flow in the aneurysm dome
was complicated. Furthermore, the instabilities in the flow field produced intense shear
forces, due to which a possible weakening of the wall material will certainly lead to an
increase in the risk of the rupture and bleeding. The non-uniformity of the flow field
acquired large values of the von Mises stresses, resulting in prominent wall
displacements, which also matched to the high OSI and low TAWSS values. The
maximum displacements exhibited a non-stationery movement everywhere in the

dome though mostly remained in the region of the impingement.

The governing equations describing the non-Newtonian viscosity model were
discussed in previous chapters. Here, an appraisal of the FSI approach and its
implementation, the governing equations regarding the single-phase blood assumption

and mechanics of deformable vessel structure are discussed in detail.

6.1 Characteristics of Velocity Field

Earlier chapters have shown that the consistency of the flow field, particularly at the

impingement zone, is one of the vital issues in the rupture risk assessment of cerebral
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aneurysms. Figure 6.1 presents the magnitude of the flow velocity in the aneurysm
dome, where the uniformity of the velocity field seems to degrade significantly in the
flow impingement zone. In order to examine the changes in flow features due to the
flow deflection over the turning, the velocity profiles on the cross-lines (L1, L2 and
L3; see Figure 6.1) were probed. In the first profile (L1), the inertial forces upset the
uniformity and pile up the flow on the outside the corner where a velocity peak is
observed near the wall. Towards the L3, a location deep in the flow impingement zone,
the velocity uniformity is recovered with an average value higher than that at the

beginning of the impingement zone.
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Figure 6.1 : Characteristics of velocity field at the peak systole.

Figure 6.2 shows the contours of the velocity magnitudes at different sections normal
to the sac region. It is clear that rapid changes in flow velocities occurs during the
different phases of the systole and diastole, and the maximum flow velocity is observed
at the peak systole. The magnitude of flow velocity exhibits spatial variations in that
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it decreases significantly from the neck to the sac region. Apparently, the rapid changes
in the velocity field creates large shearing actions, whose locations move throughout
the cardiac cycle. As a result, a very dynamic shear forces are involved, which is

expected to degrade the strength of the wall tissues in the dome.
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l

6.2 Vortex Structure in the Aneurysm Sac

As it was discussed in the previous chapters, the presence of multiple vortex structures
is known as a vital threat in the cerebral aneurysms in that as the number of the vortexes
increases so does the rupture risks [58]. Figure 6.3 represents flow streamlines at
various phases of the systole. As the inflow velocity achieves its maximum value at
the peak systole, the main vortex located at the middle of the sac region was divided
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into two interconnecting vortices which indicates that peak systole could be the most
dangerous phase for rupture and bleeding (Figure 6.3 b). The vortexes rejoined shortly

after the peak systole.
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Figure 6.3 : Streamline characteristics at different times.
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6.3 von Mises Stresses

We know that the deformations in the wall of a cerebral aneurysm, featured by its
displacement, is directly linked with the von Mises stresses. Figure 6.4 clearly shows
that the high values of the von Mises stress coincide with the high-OSI but the low-
TAWSS values. This actually proves the assertion that the low-TAWSS and the high
OSI values are the major hemodynamic parameters to consider in the rupture
assessments. In order to quantify this observation, the OSI and von Mises stress values
were depicted along the curves, C1 and C2, on the aneurysm wall, and Figure 6.5

reveals that the trends of the OSI and von Mises stresses follow each other very closely.

53



Low TAWSS region

TAWSS (Pa) TAWSS (Pa)
0.0 20 40 60.0 0.0 20 40 60.0
-_— J— e

High OSI region — ¢

0OSI
0.0 0.1 02 03 04

High von Mises region

von Mises (Pa) von Mises (Pa)
14.9 50 100 150.0 14.9 50 100 150.0
—— —_—— ! e

Figure 6.4 : TAWSS, OSI and material parameters for one complete flow cycle.
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6.4 Displacement of Deformable Vessel Wall

Figure 6.6 presents the deformations of the aneurysm dome at different phases of the
inflow pulse between the systole and the diastole. It is clear that both the distribution
and the magnitude of the displacement vary significantly during the pulsation cycle:
The wall displacements become larger as the inflow intensity become higher where
the maximum value occurs at the peak systole. The maximum displacement is shown
to be an important flow characteristic and mostly occurs in the primary and the

secondary impingements zones.
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7. CONCLUSIONS

A numerical investigation was conducted in order to improve our understanding of
flow (e.g., inflow penetration depth, flow complexity, flow impingement zones), wall
shear stress based hemodynamic indexes (e.g., OSI and TAWSS) and structure
parameters (e.g., von Mises stress) on the rupture risk assessment of cerebral

aneurysm.

7.1 Comparison Between Single-phase and Two-phase Blood Flow

The differences in the blood transport with the conventional single-phase
approximation and two-phase blood model have been studied and the results were
evaluated for the patient-specific aneurysm cases. It was clear that the two-phase
simulations seemed to capture many important flow features and, thus, revealed much
higher flow complexity compared to the single-phase results. Hence, the two-phase
flow portrayed a larger number of unstable flow structures deteriorating the aneurysm
risk. It also revealed significantly deeper penetrations into the aneurysm sac than the
single-phase model. The hemodynamic indexes based on the wall shear stress showed
that the two-phase approach was able to detect very low values of the TAWSS
coincided with the areas of high OSI, which were wider than that the single-phase
model was disclosed. This indicated that the single-phase analysis could hide the
regions at higher risk of rupture. The two-phase approach was also capable of
modeling the behavior of the non-Newtonian RBCs suspended in Newtonian plasma.
Thus, it showed an apparent potential to enhance the current understanding of the
aggregation mechanisms of the RBCs. This could pave the way for the accumulation
of the RBCs to be used as the precursor of the thrombus formation. Hence, attempts
were made to infer the RBCs aggregation around the concave structures and narrow

paths in the saccular aneurysms; the later appeared to be riskier.
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7.2 Effects of RBCs Concentration

The effect of variations in the hematocrit level on the blood flow in two cerebral

aneurysms was studied using the two-phase Euler-Euler approach and the proper

viscosity specifications. The assessment of results has led to the following

conclusions:

1)

2)

3)

4)

The RBCs aggregation in the aneurysm sac at high hematocrit levels precluded
the penetration of the incoming flow and, thus, the inflow depth remained low.
At the low end of the H values, however, the maximum inflow jet penetration
was achieved, but this led to the vortex formation, possibly to bring into the
associated intermittency. As a result, at the marginal blood compositions -
extremely high or low H cases - a very weak oxygen supply capacity was
anticipated. Besides, when the inflow penetration was large, the momentum
exchange due to the rapid diversion of the high-speed inflow at the narrow
corners deep inside the aneurysm sac was expected to result in permanent
deformations on the walls at the tissue scale.

The results also revealed that the hematocrit level had a great influence on the
flow instabilities inside the aneurysm dome. At the high H values, the flow
complexity was confined in the entrance up to the neck region and, as the H
value decreased, the flow became extremely complicated inside the ballooned
region. Therefore, the reduction of the H values was anticipated to increase the
risk of rupture initiation in those regions.

As the hematocrit level decreased to H20, an interesting feature was observed
in that an initially single-peaked velocity profile evolved into a double-peak
profile. As a result, large gradients occurred near the wall, where the primary
inflow was almost stagnant, imposing a high pressure which could deform the
walls and increase the likelihood of a secondary aneurysm formation.

It was evident that at the low end of the H range, the RBCs’ contribution to the
WSS happened to be the largest near the neck region, which clearly decreased
the possibility of the rapture. The risky zones with the lowest instantaneous
WSS were identified in the tip and bleb regions. The TAWSS and OSI
indicators were also shown to be dependent on the H values where some drastic
changes were observed, in that that a large reduction in hematocrit levels

changed an initially low-risk case into a very high rupture risk situation where,
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the high OSI values exactly coincided with the low TAWSS values.
Nonetheless, the TAWSS values for both patient specific aneurysms were
extremely low around the sac region, where very large OSI values were

observed.

7.3 FSI Analysis in Cerebral Aneurysm

The movements of the walls of a patient-specific cerebral aneurysm were studied by

the analyses of the non-Newtonian blood flow and its interactions with the deformable

dome.

Upon the evaluation of the present findings, we can make the following

deductions:

1)

2)

3)

4)

5)

At the peak systole, the inflow achieves its maximum value, which leads to an
increase in the number of the vortices and the complexity of the flow in the
aneurysm dome. Hence, the peak systole appears to be the most dangerous
stage of the cardiac cycle as far as the risk of the rupture and bleeding is
concerned.

The sharp variations in the flow field during the cardiac cycle generates large
shear forces and fluctuations, which deteriorate the wall tissues in the aneurysm
dome.

Furthermore, the degradation of the uniformity of the flow field leads to the
high values of the von Mises stresses, which in turn results in high wall
displacements.

The maximum values of the von Mises stress nearly coincide with the highest
OSI values and these locations overlap with the lowest TAWSS values.

The locations of the maximum displacements wander around the surface of the

dome, but often remained in the region of the impingement.
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