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Abstract

Atherosclerosis is a chronic disease affecting millions worldwide by leading to heattiack
and stroke. It usually develops in regions with disturbed flow like the carotid artery, aorta,
and coronary arteries. The major cause of atherosclerosis developinsnthe deposition
of lipids under the endothelial layer of the artery leading to pimie build-up. Also, evidence
that the plague formation occurs mainly near the bifurcations or curvatures had led to the
hypothesis that irregular flow conditions plays amajor role in development and
progression of atherosclerosis. In vivo and in vitro sties at the cellular level and
macroscopic levels shows the importance of understanding the local haemodynamics in
atherosclerosis prone regions. Althoughdiagnostic techniques suchas Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI) providedetailed anatomic
information non-invasively, local haemodynamics can be studied at patient specific
models using computational techniques like Computatioridluid Dynamics (CFD) and
Fluid Structure Interaction (FSI).Therefore, it is very important to remnstruct anatomical
models using CT or MRI images to gain accurate results in CFD or FSI analysishe flow
behaviour in large arteries is complex and it imfluenced by the elasticity of the artery.
Apart from this, the blood pressurehanges during dayto day activities. This interesting
phenomenon of variation of blood pressure is studied by numerical simulation of blood

flow in the normal and stenosed catid artery.

In this work, a threedimensional (3D) Fluid Structure Interaction (FSI) studywas caried
out for a normal and stenosedpatient specific carotid arterymodels By considering
physiological conditions, first the normal and then with hypertesion disease,
haemodynamic parameters were evaluated to better understand the genesis and

progressim of atherosclerotic plaques in the carotid artery bifurcation. Twaay FSI was



performed by applying a fully implicit secondorder backward Euler differentng scheme
using commercial software ANSYS and ANSYS CFX (version 19.0). Arbitrary
LagrangianZulerian (ALE) formulation was employed to calculate the arteriatesponse
by using the temporal blood response. Due to arterial bifurcation, obviougelocity
reduction and backflow formation were observed which decreased shetiress and made
it oscillatory atthe starting point of the nternal carotid artery near thecarotid sinus, which
resulted in low shear stress. Oscillatory shear index (OSI) signifiescillatory behaviour
of artery wall shear stress. Comparison of the results of this study with those het
published literature shoved that the regions with low wall shear stress and with OSkalue
greater than 0.3 pose potential risk to the developmeat plaques. It wasobserved that
haemodynamics of the carotid artery was very much affected by tiheomety and flow
conditions. Furthermore, regions of relatively low wall shear stressere observed post
stenosis, which is a known cause of plaque developmt andprogression.The results were

compared between Newtonian and Carreal? Yasuda blood viscosity modses. Critical

haemodynamic parameters such as wall shear stress (WSS) and Oscillatory Shear Index

(OSI) were examined Simulated hemodynamic parametersvere able to capture the
disturbed flow conditions in a normal and a stenosed carotid artery bifurcatiowhich play
an important role in the development of local atherosclerotic plagues. Computational
simulations based on diagnostic tools such as Ultrasad might help improving diagnostic

and treatment management of carotid atherosclerosis
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Chapter 1 Introduction

1.1 Background

Atherosclerosisaffectsmillio ns of people all over the world, resulting in heart attack and
stroke[1]. It usually developsin the regons where the flow is disturbed,ike bifurcations,
and regiors with high curvature[2]. It begins when an element such as cholesterol,
calcium, and macrophages are deposited under the endothelium layer of the artery
(Plague). Sometimes, the growth of plaque can reach a sigrdiint level and can cause
severe problems to an individual, like occlusion, which mayead to lifethreatening
situations like myocardial infraction. The plaque may even rupture at extreme
circumstances, causing the accumulation of platelets at the affectm@a to form a clot
leading to stroke.

The artery is made ofmulti-layered muscle @lls and tissuesvhich helps in the flow of
blood (Figure1-1). The artery typically consists of three layers: Intima, Medjaand
Adventitia. The internal wall is lined with smooth endothelial cells to minimize the
resistance to flow. Any damage to this layerould lead to arterial disease.
Atherosclerosis is a process of thickening and hardeningtbe wall of the artery causé
by the continuous buld-up of thrombus, lipids, cholestergland fatty depositslt occurs in
the major arteries and ione of the major causes of Transient IschemicAttack (TIA),
stroke and heart attack In such diseasgthe artery wall is stiffened due tdhe build-up of
plaque underneaththe endothelial layer leading tahe narrowed lumen (Figurel-2). The
earliest step of lesion devepment isthe adherence of monocytes to the endothelium.
When a monocyte enters the junction between the arterialall and endahelial layer, it
consumes Lowdensity lipoproteins (LDL) present inexcess inthe arterial wall and then

transforms intomacrophages.
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Figure 1-1: Dissected view of multtlayered tissues condtiting the artery[3].

The macrophagesare oxidized by consuming more LDL to form foam cells.The
permeability of the arterial wall is increased by damage caused by the accumulation of
foam cells, which leads to plaquebuild-up [4]. When the plaque gets ruptured and
thrombus blocks the smooth flow of blood, the tissue experiences lack of oxygen resulting
in myocardial ischemia and leads t@ heart attack or chest pa from ischemia.
Cardiovascuhbr disease (CVD) is a major cause of concern in modern society, hence the
understanding and development of currently available clinical therapies are of prime
importance. To facilitate the available clinical techniques, therie an increasing demand
for computational tools to help diagnose CVD and assist the clinicians to diagnose pnela
postsurgical treatments. In this thesis, it is shown that computational tools can help better

visualize and the flow dynamics in atheroscletic arteries.
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Figure 1-2: Narrowed lumen due tothe build-up of plaqueover time [5].

Hypertension is another major cause of stroke. May studies were performed on the effect

of hypertension on aneurysms and stenosed arteries. Researchers observed that
hypertension increasethe Wall shear stressWSS) and deformation in aneurysm regions,
which is initiated by extreme stresstran conditions [6], whereas Milad et al [7]
experimentally elucidated that the increase in stenosis severity in the carotid artérfais
leads to increased negative WSS and oscillatory shear in the post stenosis region and
increased angular phase diffenee between WSS and aiumferential stress waves at the
throat of the stenosis. All the parameters help predict the potential plaque growth locations
and these results helped in studying the plaque growth and arteniamodelling [8]. To
understand the effect of arterial compliangea two-way fluid-structure interaction stug

was performed on a hpertensive case to understand the progression of atherosclerotic
plaque in an arterial bifurcation[7], [9]. The effect of hypertension on the atheraterotic
arteries was tudied as it poses a major risk in the rupture of the plaqyi#0]. A significant
correlation between carotid strain paramters and peak and mealVSS in hypertension
was also observedl11]. Also, the intima-media thickness in the common carotid artery

and the carotid bulb is related to the blood pssure[12]. Corrada etal showed that the
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deformation of the wall was significantly influenced by hypeénsion and it is a risk factor
based on FSI results. Blood pressure was classified into four stages, normal (120/80 mm
Hg), prehypertension (12€139/80-89), stage 1 hypertensn (140159/90-99 mm Hg),
VWDJH K\SHUWHQVLRQ p13]. - PP +J

Blood is a sheatthinning fluid and the general Newtonian model will not capture the
haemodynamicsat critical locations[14]. Johnston et al.[15] studied blood flow through
coronary arteries using different noNewtonian blood viscosity models and concluded
that CarreauYasuda models give a better approximation of the WSS at low sheartte
mid shear range. Chen and L{i16] investigated the noANewtonian flow in a bifurcation
model to solve the governing equations in which the shear thinninigehaviour was
incorporated by usirg the CarreauYasuda model and investigated its influence on the
flow phenomena. He found significant differences between Newtonian and the Carreau
Yasuda model and determined that noiNewtonian properties of bloodwasan important

factor in haemodynamicsand played a very important role in vascular biology16], [17].

1.2 Motivation and Objectives.

This research was motivated by an intention to better understand thaemodynamicsof

the carotid artery under different blood pressure conditionsand to explore the
computational models as a tool to diagnose and treat a diseased atherosclercaimtid
artery. Carotid artery is a highly focused domain to study the hemodynamics. Since past
decades research vgafocusedon understanding the flow dynamics and the effect arterial
distensibility on hemodynamic flow variables.However, the research on thephysio 2
social factors like anxiety, mental stress and exercise where the blood pressure may

increase momentaty is scace.



In the past two decades, researchers have intensively stadithe initiation and
development of atherosclerosis both experimentaly8] 420] and computationally{21] 2
[23]. The literaturereview discussedn Chapter 2 surveys the available numerical studies

to identify the research gaps. The objectives addressing the research gaps are:

X To develop an anatomically realistic carotid artery model using CT/MRI data

X To perform a numerical simuldion of blood flow in a patientspecific normal and
stenosed carotid artery modetonsidering non 2 Newtonian viscosity model usiry
computational fluid dynamics

X Two-way Fluid-structure interaction study of non2 Newtonian flow in a patient-
specific normaland stenosed carotid artery and compare witihe Newtonian flow

X A computational fluid dynamic study usinga non 2 Newtonian blood viscosity
model in a normal and stenosed carotid artery and diffent blood pressure
conditions

X To study the difference betwee Newtonian and non 2 Newtonian blood rheology
on the haemodynamic parameters like WSS, Flow separation, Oscillatory Shear

Index, and Velocity

1.3 Reseach Overview

Anatomically realistic arterial models obtained bymedical image reconstruction have
been devéoped by many researcherswWith modern imaging techniques, especially MRI
and CT, subjectspecific geometries can be obtained aneconstructed24]326]. The
relationship betveen haemodynamicsand prediction of atherosclerosis is then studied

using CFD[27], [28].

This thesis presents a systematic numerical approach to investigateithemodynamis of

a stenosed carotid artery subjected to different blood pressures using F8tducture
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Interaction (FSI). The difference between Newtonian and non 2 Newtonian blood
rheology is alsanvestigated, including herelationship between the mechanical forces and

haemodynamic parameters

In summary, numerical simulation resultavere used aglinical indicators, to provide more
important suggestiongo clinicians to assistin clinical diagnosis.FSI simulationsof carotid
artery bifurcation modelswith different blood pressure conditionsthe influence ofblood
rheology on the initiation of atherosclerosis was analysed Combining with
haemodynamicand mechanical results, the region of flow recirculation #élhe carotid sinus
and post stenosis near théifurcation was found to be moresusceptibleto develop

atherosclerosis.



Chapter 2 Literature Review

This chapter reviews the relevant physiolggand pathologyof atherosclerosis, with a focus
on the carotid artery, and presents the current state of the art of computational studies in

this field.

2.1 Endothelial Biology

Cardiovascular diseases like atherosclerosis and stroke #re leading risk factas for
deaths around the world.The prevalence of stroke was as high as 6.5 million as per the
statistics fromthe American Heart Association, and each yeamillions of cardiac patients
experience new or recurrent strokf29]. Of all strokes,87% of cases are due tischemic
stroke, where 10% is due to intracerebral haemorrhage and 3% due to subarachnoid
haemorrhage Most of the ischemic stroke usually occurs in the carotid arte{$0], [31].
Arterial diseases characterized bythe deposition of fatty tissues, lipids and calcification
depostion on the inner wall of the artery. This will lead to thrombus formation or
complete occlusion leading to strokeThe treatments includecarotid endarterectomyand

carotid stenting.

The haemodynamics in the carotid artery is directly linked to the formation of
atherosclerosisLarge arteries likethe carotid artery, aortic arch, and abdominal artery
observe flow disturbance causkby bifurcation or curvatureand are atherosclerosis prone

regionsin the vasculature[32].

The endothelial cells form a layer of celloon the inner wall of the artery These onecell
thick layers of cells are key playess in the formation of atherosclerosisThe endothelial
cells respond to pathologicalariations and play a pivotal role in the development of

atherosclerosig33]. A healthy endothelial layer is aligned optimallyand will respond to



the chemical and physical stimulus which regulate vascular tone, cellular adhesion,
thrombo-resistance, smooth muscle cell proliferatigrand vessel wall inflammation[34],

[35]. The resting endothelial cells uiescent phenotype)switch to pro-coagulant/pro-

thrombotic phenotype leading to sevetgathogenic risk factord36], and in this process,

the vasodilatorNitric Oxide (NO) plays an important role asit VKRZV "DWKHURSURWI
JHQHVU LQ WKH HQ@G RMWNO-HBGLIYy enddHe edddthelial dysfunction share

a very strong relationship including the increased responseof vasoconstrictors, an

increasein vascular adhesion molecules, the simulation of growth ¢&ors causingthe

propagation of underlying smooth muscle cells, anthe permeability of the endothelial

layer to low-density lipoprotein (LDL). As a result the endothelial layer becomes

dysfunctional and also losets integrity and detach into the circuhtory system[38].

The cause of endothelial dysfunction is still not very clear, howevesgveralcardiovascular
risk factors such as obesity, diabetes, high blood cholesterol, chronic infections,
hypertension smoking, and alcohol are assumedto be closely involved. Moreover,
haemodynamic environment is closely associated witkendothelial dysfunction, whch
controls the WSS - activated NO release [39]. Hence, a detailed understanding of
haemodynamics provides information on susceptible locations for edothelial
dysfunction, which will be useful for clinicians to identify areagrone to atherosclerosis

[40].

2.2 Anatomy of the carotid artery

The carotid arteries are the major blood vessels camgiblood richin oxygen tothe face
and brain located on each side of the neck. The carotid artery originates from the aortic
arch asthe common carotid artery and bifurcates into internal and external carotid

arteries.Figure2-1 (a) shows a schematic diagram representing the positiontbk carotid



bifurcation and Figure2-1 (b) shows the positions of all the arteries originating from the
aortic arch. The right common carotid artery originates from the bcdiocephalic artery
and extends o the right side of the nek. The left carotid artery originates from the aorta
and extends till the left side of the neck. Each common carotid artery (CCA) branches into
the internal carotid artery (ICA) and external caratd artery (ECA). The ICA supplies
blood to the brain and ges. The origin of the ICA progresses through several curvatures,
through the base of the skull into the Circle of Willis. Unlike ECA, there are no branches
until it passes through the base of th&kull. At the base of the brain, the ICA gives rise to
anterior and middle cerebral arteriegnd this location is referredo as carotid siphon. The
location where the ICA emerges from the CCA, i.e., immediately after branching, the ICA
widen a bit, known as carotid sinus or carotid bulb. Its shape, lengtand width vary from
one subject to another. The ECA branches from the CCA to supply oxygeich blood to

the throat, neck and face.

2.3 Effect of haemodynamic forces on atherosclerosis

The flow of blood varies from laminar fully developed flow to disturbed flow with flow
reversals[41] 43]. The disturbed flow generally occurs ree bifurcations and curvatures
usually relatedto the early occurrenceand progression of atherosclerosis. The unbranched
portions of the artery are generallyot susceptible to atherosclerosis due to the uniform

flow of blood.

Figure 2.2 shows three types of haemodynamic forces genedhtdue to pulsatile blood
flow through arterial vasculature. These forces are (a) wall shear stress (WSS), a force
caused by blood viscosity, (b) pressure gradient across the wall known as transthur
pressure, and (c) radial deformation. The endothelialyar senses the forces and secretes

different vaso- active constituents to maintain a normal and stable equilibrium.



(a) . (b)

— -
//’ P,
i 5

\
A

Right internal
carotid artery

S l Circle of
\ ' Willis
basilar
artery 1
Right external ‘\ { xterntal carotid
i : : arteries
carotidartery jnternal carotid |
/ B e e bormon carotid
SRRy vertebrale= . arteries
arteries ~
subclavian
arteries
Right subclavian artery innominate artery aTEa

Brachiocephalic trunk

Figure 2-1: Schematic description othe carotid bifurcation, (b) carotid artery origin
description

Among these forcesthe major influence onthe developmentof atherosclerosis is bWSS,
which is extensively investigated and well understoofd4] 446]. The variations in WSS
regulates the secretionfomany factors including vasodilators such aBlitric oxide and
prostacyclin[47], [48], vasoconstrictors like endothelin2 1 [49], and other growth factors
[50], [51]. Althou gh recent research teclarified the effects of mechanical deformation on
endothelial cells[52]461], its role in the pathogeresis ofatherosclerosis is not clearly
understood. Clinicalstudies showthat the bifurcation and bendsn the human vasculature
are subjected to higher arteriadlilation compared to straight sectiong62]. Further, the
increase in vascular dilation due to hypertensias a commonrisk factorin atherosclerosis
[63]. These observations suggest thatterial dilation plays a very inportant role in the
pathogenesis of atherosclerosis.

In summary, the pathogenesisf atherosclerosis as shown ifigure2-3is a very complex
process of injury ofthe vascular wall leading to the formation of plaque due to local

haemodynamic and systemic factorg4].
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Figure 2-2: Arterial walls aresubjectedto haemodynamicforces[65]

WSS plays a verysignificant role in the developmentof atherosclerosiswhere theflow
gets disturbed withoscillating or low shear stress. Moreover, manfactors such asigh
blood pressure, diabetes, ethave an impact on endothelialdysfunction and damagethe
flow-mediated vascular dilation [66]. The combination of altered haemodynamics near
and around the probable atherosclerotic sites like bifurcatisrand curvatures, where the
secondary flows happen, andthe risk factors accelerate atherosclerotic lesion and

development of plaque.
2.4 Flow measurement

Research orthe measurement of blood flow started arounthe mid-19th century using an
airtight U tube of a known volume which was connected to a blood vessel to emure the
arterial blood flow rate according tothe Poiseuille Formula[67]. After many decades of

study, many technques were routinely employed to study cardiac output.
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At present,Doppler is themost widely usedtechnique for in 2vivo measurement of blood
flow [68], [69], along with Magnetic resonanceamaging (MRI) [70], [71] and ultrasonic
transit-time flow sensorg72], [73]. Measurement of flowin a blood vessel requirea probe
or a sensorthat is accurate enough and linear over ¢éhflow range in the vessel wherthe
flow is measured.In 2 vivo techniques provides more realistic data related to flow
dynamics and theyoffer spatial and temporal esultswith limited resolution [74], [75],
limiting the quality of actual physiologicalparameterssuch as anatongal geometry of the
vessel, bloodand tissues.

Particle image velocimetry (PIV)experiments using representative models of required
arterial models can be an alternativefor in 2 vivo measurements These models are
generated either by using patiergpedfic data or by averaging the obtained data and build
the model using transparent materialsTherefore, the experimentsould be of varying
complexities, including steady[76], [77] and pulsatile conditions[26], [45], idealised[78]

and patientspecific geometrie$79].
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A large number of in 2 vitro experimental studies have been performed, many of which
focused on velocity measurementswhile WSS is a most important haemodynamic
parameterdue to the low spatial resolution of thevisualisedflow field. Although some
effort hasbeen made to produce WS$0], the present experimentastudy of spatial and

temporal WSSis challengingto capture andsusceptibleto uncertainties.

2.5 Numerical Modelling of Blood Flow

2.5.1 Computational Fluid Dynamics

Computational Fluid Dy namics (CFD) is an emerging tool whose progressaslopted by
the research community as a potent technique fahe numerical study of arterial
haemodynamics CFD offers many hemodynamic parameters like WS®)scillatory shear
index, etc. which is challenging to accesshrough experiments.The critical relationship
between low WSS and development of lesigd5], [81], [82] makes the WSS as amof the
most intensively studied parametes in arterial CFD modelling. Perktold et al [83]
examinedthe geometrical effects such as carotid sinus, bifurcation angle under pulsatile
conditions. It was establishedthat the most physiologically relewant flow parameteris
WSS and itstime-basedvariation isin close agreement with in2vitro results.M any studies
were conducted in varieties of arterial modelsmostly bends and bifurcations. These
compriseof WSS studieg84], [85], oscilatory shear index[86], WSS gradients (WSSG)

[87], [88] and particle residence tim¢89], [90].

While several numerical studies have been carried out to formulate the parameters leading
to the onset of atherosclerosis, their limitation remaing=irstly, the domain of interestis
truncated in image-based carotid artery simulationsand the whole ciralatory system is
ignored. The applicationof boundary conditions at thanlet and outletaffectthe accuracy

of the study significantly. Therefore, the application opatient-specific inlet and outlet
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parametersacquired fromtechniques such as MRI or Wirasoundwas preferred[91] 93].
However, for applications such as to predict surgical interventions, the floar pressure

waveforms areunknown, and the requirement of accurate boundary conditions is critical.

Secondy, many researchers havicusedon studying the flow near the stenotic region by
using manymodelling assumptions such as steady floj94], pulsatile flow [95], [96], rigid
artery [97], elastic atery [98], Newtonian flow [99], non 2 Newtonian flow [100].
However, the effect of the existence of plaque on bloodflow transportation is not
significantly examined which is of critical clinical significanceas itis considered as a &y

marker to suggesappropriateclinical treatment[101].

Lastly, as atherosclerosis is a very compl@athology with many underlying facors, early
researchers study this ph@menon by only looking thisfrom the hemodynamic point of
view [102], [103], and by also consideringthe elasticity of the arterywhich is not enough
[104], [105]. Tang et al[106] performed complexcomputational modelling of a stenotic
artery, however,the effect ofarterial bifurcation was ignored. Therefore, the study on the

effects of loop stretchin patient-specific modelswasscarce
2.5.2 Fluid-Structure interaction

Hemodynamic investigations of arteries consideringhe artery as rigid will not be
physiologically realistic aghe flow of blood is significantly influenced by the arterial wih
behaviour. Many Fluid-Structure Interaction (FSI) simulations were conducted to
understand the complex and altered flowehaviourin the areas surrounding the stenosis.
Barbara et al [107] performed a rumerical study of anatomically accuate 3D geometric
model with rigid wall conditions considering blood as a non? Newtonian fluid under
pulsatile flow conditions was performed. It demonstrated that arterial compliance

consideration changed with reduced flow field and WS#&hen compared with rigid wall
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results. A similar analysis was performedby Perktold and RappitschH108] and observed
realistic wall deformation by considering revised non? linear shell assumptios. The
change in theflow behaviour due to the elasticity of the artery during the pulsatile flow
was observedin critical sites such asthe carotid sinus Using MRI data, a model ofthe
normal, stenosed carotid artery was generatedlhe results were validated using
experimentl results [109] and concluded that the imagdased numerical models are
useful to investigate tle haemodynamicsin elastic arteries. The change in flow patterns
across the idealied stenosed common carat under steady and pulsatile conditions were
studied and a mildflow disturbance inthe post stenotic region was observed and its effect
on the elagic wall was alsopresentedoy Lee et al[110]. A healthy carotid bifurcation was
subjected to pulsatile flow conditions and the eftt of WSS and circumferential stress and
strain atthe carotid sinus which is highly prone to atherosclerotic plaque deposition was
discussed by Tada et a[111]. Most of the boundary conditions applied eitherare
unknown, assumed or those obtained from MRI anc Doppler scan. In an attempt to
apply pulsatile inlet and outlé boundary conditions,a 1D model of the arterial tree was
coupled with a 3D fluid-structure interaction model by Urquiza et al[112] and the
observations wereacceptable with clinically observed flow patterm The application of
synthetic grafts and the existence of intimal hyperplasia during bypass surgergrev
analysed by Shaik et al[113]. The consideration of Newtonian and nonzNewtonian fluid
rheology demonstrated good agreement with experimental studiesand clinical
observation. Itwas also observed that the geometry of the arterial model pkya very
crucial role in predicting the location of severe wall shear stress, which are vulneratae
progression of atheosclerosis.

Varying degree of stenosis as investigated by Li et a[114] and revealed that extreme

stenosis restricts the motion of the arterial wall, which results in higher velocities and
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maximum wall shear stress and concentration of stress leaglito progression and rupture
of plaques.Cho et al[115] considering blood as a nor? Newtonian fluid studied the effect

of different elastic modulus of the artery orthe blood flow and periodic and transient
changes in the blood flow characteristics were observeld.was observed that as the
elasticity of the arterial wall is increased, theemporal frame ofvelocity, pressureand wall
shear stress get®nger, and areduced flow separation zone is observed. In additicio
this, severe transientiow changesare caused due to higher deformation of the artery wall.
Many available software codes have difficulty in developing coupling algorithms due to
classical iteratie processes involved in solving the mathematical equations. To overcome
this a semiimplicit method was proposed by Quaini et dlL16]. It was numerically verified
through computer simulationsof pulse pressure progression in ideaéd carotid artery
bifurcation and observed that the solution remained stable for a wide range of
discretization and physical parameters.In strongly coupled field problems, problems
associated with partitioned couplings were studied by Degroote efal 7], andthe existing
algorithms like IBQN 2 LS coupling techniqgues wereanalysed and compared and new
algorithms were developed. These simulations show that the developed algorithms were
able to solve complex fluidstructure interaction problems in a partitioned method with
black-box solvers.Lee et d [118] performed a simple study on carotid bifurcation with
wave propagation validation and demonstrated a strongly skewed velocity and flow
separation in the carotid bulb with low wall shear stress.

Fluid -StructureInteraction simulations predict alarger recirculation zone near the carotid
bulb and a reduced wall sheastress,and a small backflow zone compared to the rigid
model. Consideration of Pulse wave propagation is also equally important compared to
pulsatile flow boundary conditions[119]. The pulse wave propagation is generally studied

to check the capability of the coupled field solver$dultiscale approaches are suitablior

16



absorbing the outgoing pressure waves which describe the flow of blood in the arterial
system[120], [121] The effect of pulse wave on wall shear stress was studied by Fukui et
al [122] and suggested thgtropagating waves reduces the flow speed of blood and reduces
the wall shear stress. Wave propagation through 3D elastic tubes was studied by Degroote
et al [123] by developing a partitioned quasi Newtonian tdmique that is capable of
solving coupled field problems through partitioned and monolithic ways and verified by
applying a short pressure pulse at the inlef @ 3D elastic tube. These techniques were
useful in coupling the commercial finite element flonand structural ®lvers. A revised
algorithm of interface quasknewton technique with an approximation for the inverted
Jacobian from least square model and showed the importance of coupling algorithms,
which are known as black box through pulse pressuregmagation inan elastic tube.

The regions of high wall shear stress and atherosclerotic plaque developmeetastudied

by Robert et al[124]. The carotid artery model was studied by data obtained by i2 vivo
measurements like MRI, ultrasoungand angiogram. With these datatwo anatomical 2D
finite element modes werecreated to find the localized stresconcentration that occurs at
the bifurcation. The role played by wall shear stress ihe formation of the atherosclerotic
lesion and high structural stress at the inner surface can cause damaghe endothelial
layer [125], [126] The study of blood flow inthe realistic arterial madel was studied by
Deschamps et al[127] wherein the anatomcal surfaces were obtained by Level 2 sets
method which can accurately model the complex and varyingurfaces of stenosis. The
obtained surfaces were defined asub-pixel level where thg interconnect the Cartesian
lattice of the image. Therefore, surrounded boundary representation is constructed on the
same lattice and further discretized to solve thdavier 2stokes equation for compressible
fluids. Juan et al[128] emphasized the use of accurate models of patiesgecific data

obtained from medical images for larg clinical studies. An isgurface deformable model
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was used for arteries with stenosis vene the image was first smoothed by convolution
with a Gaussian kernel and voxel intensitiesThe final model was generated by adopting
the region-growing approach. Fnally, a non-shrinking algorithm is used to smooth the
model and extruded to minimize theinfluence of boundary conditions on the region of
interest. Further, these models are solved numerically to study th@emodynamicsat
critical locations. A 3D Realigic model of the abdominal aorta wasanalysedby Rinderu
et al[129] obtained froman MRI scan. The image slices from MRI are stadd precisely
and the segmentation of the lumen area is performed for easlite by which the entire set
is fitted with Bezier curves. The obtained 3D model is solved for steady and laminar flow
of an incompressible nonZNewtonian fluid and obtained resuls agreed well with Doppler
anemometry results.Tabor et al[130] developed techniques to generate compuiamal
mesh from MRI/CT scan data, which allows the easy model generation of the flow
domain. In this technique, CAD models were inserted into original scan data using Scan
CAD thereby enhancing the capability to modify the geometry. Flow simulations before
and after surgery were compared to understand the variations in thaemodynamicsat
critical sites. Alberto Figueroa [131] developed anew robust monolithic coupled
momentum method anddiscussed different outlet boundary conditions such as constant
pressure, impedanceand resistance boundary conditions influencinghe physiological
flow. Outflow boundary conditions werealsodiscussed i Irene et al[132] suggestinghat
blood flow in large arteriess dependent on the applied boundary conditionsdn situations
where the flow distributions and pressure boundary conditions are not knowrg
multidomain approach with upstream regns of interest coupled to reduced order such as
0D or 1D models of downstream vessels implemented This method was adopted by
Jarvinen et al[133] in addition to the artificial compressibility method to simulate tightly

coupled simulation of blood flow in the deformable atery which shoed robust
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convergence.Kim et al [134] also discussed this concept by usinthe augmented
lagrangian method. This technique does not includeny restrictions on the velocity
profiles nor the pressure at the interfaceymond[135] developed a 1D arterial treavith
systemic arteries which was later extended to patiespecific models to predict better
pressure and flow waveform closely related to idvivo measuements.

FSI simulations showed intefindividual variations in haemodynamics and arterial
mechanics ad its effect on atherosclerosi$136] and observed that atherosclerosis is
dependent on many factors not just on mechanical fac®rA novel FSI techniquebased
on DSD/SST known as stabilized spacd¢ime fluid-structure interaction (SSTFST) was
used on arterial models considering membrane and continuum element approach
separately for arterial wall[137]. The damping effect caused by surrounding tissueas
also consideredby adding mass? proportional damping. Similar studies were carried out
for different cases of aneurysmpgl38], [139] It is well demonstrated thatSSTFSI is a
economical alternative computationally to a fully coupled FSI approach in arterial fluid
mechanics by dding more flexibility [140]. In addition to this, a non 2 Newtonian
assumption was used to study the feaslity of strong coupling outflow boundary
conditions with 1D and OD by Toma et alon carotid bifurcation[141].

Hsu et al [142] discussed the significate of prestressng the models to avoid tle
discrepancies between the data obtained from imaging techniques and the computational
model caused due to oveinflation of the artery caused by intramural pressurelhe
possibility of accurate prediction of flowphenomenon compared tothe non-pre-stress
model was demonstrated in this study. Different combinations of arterial wall thickness
were studied to understand the importance of low wall shear stress in post plaque dilated
region of carotid bifurcation[118]. Tang et al[143] discussed tle assumption of non?2

Newtonian blood rheology and the changes in the flow caused by geometric factors with
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adverse flow conditions leading tahe growth of atherosclerotic plaque in detail.The
components of atheroscleric plaque and the arterial wall vere modelled and found that
large lipid pools and thin plaque caps were associated with higlress strain conditions.
This was numerically supported and found thatavourable conditions for plaque growth
depend onthe structural stress of the arterj144]. This observation was supported by Kock
et al [145]and suggested that maximum stresslocated in the upstream andlownstream
shoulder regions of the fibrous cap, which is used to assess the vulnerability of the plaque
cap and improve risk stratification. The plaques with prior episodes of ruptures are
associated with higher critical plaquetress compared to nonuptured plaque[146].
Accurate assessment of vulnerable plaque based on computatiomabdelling and
comparing it with in-vivo intravascular ultrasound imaging and angiography was
discussed by Yang et 4l147]. MATLAB was used to anatomically generate the contows
of the lumen, vessel outer boundaryand components of the plaque enabled witla
smoothing filter. Further, the 3D computational model is analysed to assess plaque
vulnerability.

Leach et al[148] reported the rupture of the plaque due to excessive waliear stress and
elevated structural stresand noted that significant impact on altered predied stress fields
due to misrepresentation of features of the plaque which are smaller ththe current in 2
vivo imaging resolution limits. The significart difference in plagque stress between
symptomatic and asymptomatic patients showed plaque stress aseoof the most
important factors of vulnerable plague assessmefit49]. Besides the stress levels in the
plaque based on MRI in2vivo images are associated witthe thickness of the fibrous cap,
the sizeof the lipid core, and the surface of the fibrous capin 3D multicomponent carotid
plaqgue numerical modelswith and without rupture, critical plaque stresses are associated

with plaque rupture and predict the plague rupture location.
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2.6 Image acquisition and geometrienodelling

To predict the behaviour of the arteries under physiological loading anditions it is
necessary to model the stenosed region in the artekjany computational techniques were
developed to solve model reconstruction problems like segmentatiorhe discretization
of 3D anatomically realistic models of the vasculatureas presented by Aristokleouset al
[150]. In this approach attention was given to minimize human intervention and
maximize reproducibility by producing accurate results andhe introduction of geometric
and fluid dynamics analysis of normal and stenosed artes[151]. Anatomically realistic
models were alsaused to study the pulsatile flow in human carotid bifurcation where the
difference in the flow between normal and stenosed arteriessenumerated[152]. The
parallel imaging techniquewasused to obtaina phaselocked image which leads t@ high-
resolution description of the vessel geometry at one singlbase and classical imaging
techniques can be applied to thisnage set to producéhe corresponding wall surfacg81].

A High-resolution MRI of a stenosed carotid bifurcation obtained and an automated
detection algorithm was then applied to the imagesSegmentation of stenosed carotid
bifurcation was generatedising a 2D watersied transform form applied to each slice and
a high-resolution 3D model was generated153]. The lumen boundary extraction from
the vascular anatomy imagesvas the most important step inimage-based modelling.
Many researchers have focuseoh this process with studies depending upon manual or
computerbased segmentation of image slices which is coupled to any number of
reconstruction technique$150], [154] With fast and central graphics processing units and
large scale improvements irthe quality of images, performing 3D lumen extraction is
much easier [155]. Lumen segmentation using a rapid technique and surface
reconstruction using MR images reduces the time required to procki finite element
meshes. It is done by using a computerized virtual balloon which when placed inside the
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lumen geometry generated from MR imags is inflated to concurrently segment and
reconstruct the lumen and this surface of the lumen is filled with fke elementg[156]. 3D
realistic models wereconstructed using MR images which are manually segmented and
the reconstructed 3D lumen surface was processedngsthe VascularM odelling Toolkit
which is a set of libraries and tools for imagbased modellingof blood vesseld157].
Imagesthat have well-defined vessel wall boundaries such as images obtained from CT or
contrastenhanced MRA, segmentation of the 3D images are preferr¢tb8]. However,
the 3D surface obtaned from this techniqueis difficult to edit, hence 2D segmentatiors
preferred for low contrast structures like artery walls, thrombu®r stenosed locations
[150] especially for Intravascular Ultrasound (IVUS) images [159]. It is very
straightforward to loft the wall rings together for nororanching segments, but branches
has its challenge$160]. The availability of opensource toolkits for image visualization,
processing and vascularmodelling is a very significant development in imagéased
modelling [160], [161] which enables normalization of vascular model construction.
Quality volumetric meshes are mostly in the scope of commercial mesh geators
although there are open source codes available. The meshes are mostly over or under
resolved relative to the solution requirements for which adaptive mesh technique is
adopted to obtainan acceptable prediction of wall shear stre$$62], [163]. The adaptive
mesh strategy which produce anisotropic and boundary layer elements are preferable
since the arteriedhave long tubularstructures and the velocity of the blood is greater in
radial than in a longitudinal direction. Sahni et al[164] generated a novel finite element
mesh of vascular models incorporating anisotropic adaptivitytand boundary layer
meshing. Anisotropic meshing can yield mesh independent results for imagased
modeling of blood flow with few elements when compared to isotropic adaptive mesh

refinement models[165]. CT MRI was taken from vdunteers and a 3D artery was
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generated using the 2D slices obtained from the CT MRI by using a spline curve to connect
the slices[166]. 2D slices obtained from a CT scafil64] was used to reconstruct a 3D
model of an aortic aneurysm of a patient by importing the CT data into MIMICS, an
image processing softwargl67]. Although 3D reconstruction of arteriesis abundant, the
mean carotid artery geometry is not characterized systematiga Such geometry on
patients with carotid artery disease and the results of CTA were used to study tness
sectionalimages using a semautomated segmentation algorithm. The data ¢vacted were
used to reconstruct the mean 3D geometry and to determittee average values of various

geometrical parameter$168].

2.7 Non 2Newtonian blood rheology

From a clinical perspective, it is a known fact that thespecific locations in thearterial
network are sensitive to atherosclerosis developmeritocal haemodynamicsplays a very
important role in the progression of atheroderotic lesions mainly at the carotid sinugg1],
[169], [170] The rheological properties of bloodplay a major role in localhaemodynamics

along with the pressure pulse and arterial geometry.

Bharadwajet al[78] and many other researcherd 71] {174] studied the flow dynamics in
carotid bifurcation. The blood wasmodelled as a Newtonian fluid and the viscoelastic
nature was ignored, as the shear ratesene predominantly high. The viscosity wasdken
as high shear rate limit viscosity of blood (3.5 x 16 Pa s). Studies sbw that it is not
necesary to consider theeffect of sheaithinning propertiesof blood in largearteries[175],
[176]. Other studies found that there is significant effect ofthe shearthinning property
of blood [177], or scaling procedures were used while comparing Newtonian and nch
Newtonian models[178], [179]. The influence ofthe viscoelasticbehaviour of blood was

analysed experimentally and asignificant influence was observed180], [181] on the
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velocity distribution, and in large arteries and its dependencen the variation of shear

rate [94]. The non 2 Newtonian viscosity model also has significant influence on the

oscillatory shear index (OSl) and mean wall shear stress. Based i@ momentum
equation, a mathematicahon-GLPHQVLRQDO PRGHO ZDV IRUPXODWHG IR
fluid by Hernan et al [182]. The results obtained showed that the Newtonian model

unGHUHVWLPDWHG WKH KHPRG\QDPLF SDUDPHWHUV ZKHQ FF

Various blood vis®@sity models were studied to compare and suggest the best model to be
used in hemodynamic simulations. At midrange to high shear, the Newtonian model is
certainly a good choice. But at low shear, which is biologically significant, it
underestimates the key hemodynamic parameter§l07]. The powerlaw model
overestimates WSS at low inlet velodes and underestimates at high inlet velocities.
Walburn 2 Schneck model underestimates WSS at high inlet velocitiglk/5], [183] The
&DVVRQ: -V P RéntaocriMidoNaetwuntbut yields a limiting viscosity ata shear rate
slightly above 100 3 [184]. Barbara et al[15] suggested the use die Generalized Power
law model which approximates WSS better than the Newtonian model for low velocities
and low shear regions and effectively Newtonian at michnge. The Carreau2 Yasuda
model fits the experimental data well and is a suitable model for hemodynamic analysis
[12], [175].

Large Eddy Simulation (LES) is a mathematical model fothe turbulent simulation used

in Computation modelling. Using a 3D model of arterial stenosis, physiological pulsatile
transition to turbulent non 2 Newtonian study using five different non 2 Newtonian
viscosity model showeda maximum shear rate lies within 100 & This indicates the
necessity of using non2 Newtonian model in the computational simulations[185]. This
observation is supported by experimental studies using particle image velocimetry

technique and path- line flow visualization [186].
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Wall shear stress was calculated wesseldy Kefayati et al with varying plaque severity
[187] subjected to pulsatile flow using stereoscopic and tomographic PIV in cbmation
with computed tomography of a phantom vessdll88]. A Newtonian viscosity blood
analogue was used toaddress spatiabnd tempaal velocity and WSS variations, buthe
varying shear direction was not studiedConventionally, numerical and experimental
studies of blood flow hae considered blood aa Newtonian fluid with constant viscosity
approximated atthe high shear limit. However,the characterization of blood viscosity has
shown that accumulation ofred blood cells into bng structurescalled rouleaux, which
increases theviscosity in low shear regionsand shearthinning behaviour is observed.
Considering blood as a Newtonian fluid may be acceptable tte high shear rate and in
large arteries. However, it may lead to inaccurate WSS measuremeintshe region of low
shear particularly in post stenotic regions and regions ofhe unstable flow. Many
numerical studies have shown that nor? Newtonian viscosity models generate flattened
velocity profiles and large recirculation zones when compared the Newtonian model.
An assunption of Newtonian viscosity underestimates WSS at low shear regions dueao
lack of shearthinning behaviour[16], [189], [190] Multi -directional WSS calculated with
viscosity fit to a cross mode[191] and results compared to Newtonian bloocnalogue
fluid showed exaggerated distrbed flow and underestimated shear stress when shear
thinning is neglected192]. It was also observed thathe importance of rheology is specific
to the degree of disease progssion and studies investigatintpe impact of rheology should
include a range of geometries including different levels of flow disturbandd®3].

Many non 2 Newtonian modelslike Powerlaw [175], Carreau[175], Carreau 2 Yasuda
[194], Modified 2 Casson[184], Generalized Powedaw [179], and Walburn 2 Schneck
model [195] were studied and compared to understand its effect on hemodynamic

parameters and to suggest thmiitable simulation model. WSS and radial velocity results
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showed the same trend for both Newtonia and non 2 Newtonian viscosity models.
However, there will bea significant quantitative difference between the models at low inlet
velocities, and inthe case of poweidlaw and Walburn 2 Schneck model even for high
velocities. Exceptfor these two modelsat mid-range velocities, i.e., between 12 cm/s to
16 cm/s, thereare no significant differences. The powelaw model overestimates the non
2Newtonian behaviour as it predictshigher viscosities compared to Newtonian viscosity
at both low and high shearates and hence not recommended. Generalized power law and
Modifie d Casson also underestimates the nohNewtonian behaviour, whereas Carreau
and Carreau?Yasuda model is most suitable to mimic the blood viscosity at both low and
high shear rate4196]. Although shear thinning behaviour of blood is not significant in
large arterieg[175], [176], at locations with acute curvatures like U type ICA197], the
shear thing must be considered. Experimental results demonstrated by Gijsen efol]
showed thatthe Carreau 2 Yasuda model suitably predictshe non-Newtonian behaviour

of blood in the artery.Carreau 2 Yasuda model is a generalized vemn of the power law.

It can effectively fit most viscosity versus shear rate data and the parameters of this model
have significant effects on the shape of the predicted curve. The relaxatiime is a
parameter in the model, which can be related to molatar structure and can be used to

analysemolecular insight of the fluid[198].
2.8 Effect of Hypertension on atherosclerosis

Pulse Wave Velocity (PWV) is a robust parameter to predict cardiovascular events
[199]and is regarded as a marker for asymptomatic organ damage in the European Society
of Hypertension and European Socigtof Cardiology guidelines for arterial hypertension
management[200]. Elevated levels of blood pressure kia been associated with PWV in
many studies[201] §203] and has been assumed that severe altéwas in the arterial wall

due to hypertension causes stiffening of the arteri¢804], [205] However, a recent
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statement fromthe American Heart Association [205] supports the hypothesis thathe
stiffening of the artery represents a caa rather tha a consequence of hypertension. This
evidence includes the concept that PWV pdicts the increase in blood pressure arttie
beginning of hypertension in middleaged and older individuals[206] 1208]. Also, PWV

is directly and independently associated with blood pressure progression and incident
hypertension in young adults[209]. It is also commonly accepted that plaque
development is associated with low? density lipoproteins (LDL) and is enhanced by
hypertension[210].

Many studies on primates have shown that hypertension accelerates and intensifies
atherosclerosis[211], [212] $ QHZ H Q WhypatterissRUH1 ZDV GHILQHG E\ 7KH 6
Report of the Joint National Committee on Prevention, Detetion, Evaluation, and
treatment of high Blood Pressure (JNCG 7). Evidence tlat systolic blood pressure (SBP)
ranging from 120 2139 mm Hg and DiastolicBlood pressure (DBP) ranging from 8?89
mm Hg are associated with increased cardiovascular risk whghlighted [213]. It was
also estimated that aradditional 30% of adult individuals belong in this category214].
However, clinical trials of patients with blood pressure ithe prehypertensve rangeare
scarce. Therefore, the trapeutic BPtargetremained at <140/90 mm Hg.Although some
researcherstudied the relationship between hypertension and coronary artery disease and
extended these observations tihe ~ S byigertensiR Q u U [21T%]] Hhere are no existing
data regardingthe effect of prehypertenson, hypertension and normal blood pressure on
the progression of atherosclerosis.

Atherosclerosis preferentially developat sites with low or oscillating shear stresf216],
[217], and at regions of nordisturbed andsteady flow, mid and high shear rate show
resistance tadhe devdopment of atherosterosis. Moreover, high wall shear stress is found

at the proximal side of the plaque linked to plaque vulnerabilitfRecently, it was observed

27



that the shear directionality of endothelial cells due to flow plays a key role in
inflammatory endothelial cell responses[218], [219] This regional wall shear stres
variation is more often quantified in the numerical and experimental analysis by using
oscillatory shear index (OSI) which was first proposed by Ku et g#5] to study the changes
in the time-averaged stress vector under pulsatile floWlowever, due toa lack of definitive
evidence for oscillatory and low WSS hypothesi§82], [220] new metrics to quantify the
multi 2directionality of WSS were developef21] 4223]. The traditional OSI parameter is
unclear in distinguishing betweenuniaxial reversing shear and multdirectional shear
stress. A new metric called transverse walhear stress (transWSS) was proposed by Peiffer
et al [82] which showed qualitative relation between transWSS obtained using CFD
studies and lipid deposits in rabbit aortaOther shear metricghat incorporate axial and
orthogonal projections of WSS[221], [222], as well as normalized instantaneous

transWSS componentq220], have also been explored.
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Chapter 33D computational modelgeneration

3.1 Introduction

This chapter will describe the underlying theory and techniques of reconstructing a 3D
model of a vessel, followed by a detailed description ohé process employed in this
research in reconstructing a 3D model of a vesstiat will be used for the various

computations investigations.

The different stages ok computational model generation of human vasculature aré
image acquisition, conversion © obtained image data, image segmentation, and
reconstructionof the surface The first step of model generatio is medical imaging of the
subject fromresourcedike Computed Tomography (CT) or Magnetic Resonance Imaging
(MRI) . This includes 2D or 3D matices of volume elements known as voxels, where
different regions likesoft and hard tissues ardifferentiatedby the differences in greyscales.
The 2D imageslice contairs pixel data, wherein voxel is 8D equivalenceof a pixel where

the additional third dimension is the distance between each slice.

3.2 Medical imaging

The geometry of thearterial systemwas identified by using various imaging technologies
like MRI and CT. MRI uses radio waves and magnetic fields to obtain the images of any
section of the human body. The scanning process involves passiag electric current pass
through the coil, which generates a magnetic fieldfhe protons of water in the body
generally spins in arbitrary directions, and are aligned with the magnetic fieM/hen the
protons are aligned, a smalkburgeof radio wavesis passedhrough, causingvariation in
the quantum state of the protons for a short moment (flips the spin of protons). When the

radio wavesare stopped, the proton returns to its original orientation and reflegits radio
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signal, which is detected by the scanner amgcodesnto images Different tissuegroduce
different pulse sequences, which leads to changes in contrmsseveraltissue markers
Besides physiological and anatomical variationsbetween subjets require different pulse

sequences to obtain accurate contrast.

CT scan uss x-ray data obtained at multiple crosssectionstargeted at any region of
interest. The snsorscollect the information at each crossection and redirect it to a
computer to canbine into a single imageThe images obtained by CT scans are similar
MRI images, however, contrast obtained by soft tissues are better in MR3ince CT scan
uses xZ2rays, its exposure fomlong duration has unavoidable associated riskand hence,
CT scans are used only where benefits thfe examination are greater tlan any potential
risks. Although both MRI and CT are non 2invasive, a dyewas injected sometimes via
one of the veins referred to as CT or MR angiography. The contrast dye highlighteth
circulatory system and helps to detect the arterie$ intereston the xray. This procedure

is known as angiography.

The obtained images are a set of greyscale values of different tissues tedvalue
representsa measure of radidensity in MRI. Houns field scale (HU) is usedn medical
imaging on a scale of 0 to 25 where 0O represestblack and 255 represent white as shown

in Figure3-1.

3.3 Image Segmentation

Image segmentation is a process of partitioning images of differengi@ns for processing.
In this process, a label is assigned to the pixetsform a continuous region.The pixels
which are not related to the region of interest will be seen as a pixel value outside the

required criterion. Segmentation could be manual byndividually selecting the pixels or
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could be automated. The process of manual segmentation was thecensuming and

producesvariability while selecting pixels between the slices.
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Figure 3-1: Digital represeriation of a greyscale image

Automated or semiautomated segmentatiorwasdependent on the greyscale values where
the discontinuities at an edge can beecognized by observingsudden changes in the
greyscale intensity. Similar intensity regions can be usexextract regions showing similar

properties as per aredefined criteron.

Many researchers have explored different segmentation proceduceer the yearslt is a
challengingtaskwhere the user should overcome an increased range of changes within the
images, artefacts such as motion blur, noisand partial volume effects. Thereforg a
single algorithm could not generatémages that produce acceptable results for all kinds of

medical imageg224].

3.4 Segmentationmethodology

The region of interestis generally defined by its greyscale strength, interjoor its
boundary. Therefore,the segmentation procedurés classified intothresholdbased,edge
based, and region-based. Inthe thresholdbased method, each pixelwas measured

depending onthe greyscale valughat represens the intensity of the obtained scans.The
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edgebased approachdentifies the edge pixels and forms a boundary enclog the areaof
interest. Theregion-basedapproach uses the greyscalalues fromthe neighbouringpixels
called region growing.Although the pixel-based approachwas the simplest procedure,
they do not contain background informationand fail in high inhomogeneous scanslThe
edgebased methodwas the next simplestmethod and was effective onclearly defined
scans of theanatomical structuressuch as arteries. However, noise or occlusions ckead
to false or can miss edgperception Also, the region-growing technique will be useful in
noisy scan images where edge detectiondballengingto detect.In this study, scan data

obtained from CT was segmented using image processing software MIMICS 19

The images obtained from CT or MRI consists of greyscale formation. Anatomical
models can be created in Mimics based on the greyscale values (Hounsfield units in CT
images) within these images. A g@yscale value is a number related to a pixel defining the
shade of white, greyor black. There is a direct relatio betweenthe density of the material

of the scanned object and the greyscale value assigned to each pixel in the image. This
gives the usefflexibility to create models from any geometry which are distinguishable
within the data. By grouping identical grgscale values, the image can lgmentedand
models are created. This method of segmentation is called thresholding and resirts
inaccurate models.Using the segmentation tool and with information on the size of the
pixel and the distance between thdises, a 3D model was generated.Further details on
step by step procedure of image segmentation can be obtairiesm the Mimics user

manual [225].

3.5 Surface and volume reconstruction

A general flow chart ofthe anatomical model generation is shown ifrigure3-2. After the

segmentation processa CFD meshing software directly reads the outputAfter the
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segmentation process, the CFD meshing software can directly read the output file or some
topographical datacould be added in the model. The main purpose of adding the
topographical data is due to its compatibility with the CFD softwareWhile adding the
topographicaldetails for simple integration into a CFD mesh programthe geometry can

be mathematicallyrepresentedvith a Non 2uniform Rational B 2 Spline (NURBS). This
procedure includes overlaying a watertight surface, whichkeeps togetherata such @

points, lines and surfacedata that are interconnected.

3.6 Example of model reconstruction

The basic segmentation and reconstruoh in this study are described in this section, using
a patientspecific artery as an exampleA patient-specific CT image datawas obtained,
and the region of interesivas chosen anl imported to MIMICS. The MIMICS window

shows four different views i.e.coronal, sagittal, axia] and 3D as shown inFigure3-3.

The 3D rendering tool in MIMICS was used to visualize the developed 3D anatomical
model as shown inFigure3-4. Using these tools user can examineand ensurethe suitability
of the selected threshold and confirm the anatomical accuracy of the physical carotid

model.

Later, smoothing operationwasperformed by adopting enough iterations to remove sharp
edges and corners and perform surface renderingeoations. The model was verified for
the suitability, it was exported asa steredithographic file (.stl) into CATIA to generate a
solid model. The geredithography file format obtained from MIMICS was exported into
CATIA, a CAD software package. As the FSI consists of structural and fluid models
representing blood and elastic artery, the 3D models of fluid and artemere generated
separately. The pocedure ofthe generation of the 3D model is explained below. 3D model

of the arterial wall wasgeneratedm a similar fashion considering a uniform wall thickness
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of 0.7 mm representing the elastic arterj226]4228]. The usual range of the Carotid
Intima-Media Thickness (CIMT) is in the range of 0.620.8 mm and within this rangewas
used inthis study to model the arterial wall. The Digitized Shape Editor (DSE) module of
CATIA was used to generate thesurface. DSE was used as a reverse engineering tool,
which provides tools for operations on imported data. The STL filevas edited until a
smoath surfacewasobtained. The surface patciwasautomatically generated by wrapping

the refined surface using a quickusface reconstruction module.

The mean surface deviationvas maintained at a lower value in the range of 0.020.005.

The surface detailvas maintained at a higher range of 800& 12000 to obtain a refined
surface patch. The refined surface modelas converted into a solid model by exporting it
into the generative shape design module. The generated 3D models at their different stages
are shown in Figure3-5. A computational meshis several elements that represent the
computational domain. Generally, a series of fluid and structural equations were applied
on each grid. By solving these equations, the interpolations tweeen the cells were
determined to find variables such as pressure, wall shear stress, veloaityl deformation.

The strategy used in meshing was to generate an initial topology of coarse meshictvh
gives a quick solution, depending on which the model oabe refined By incorporating a
suitable coarse mesh, several test runs can be carried out to assess the convergence of the

numerical solutions and the physical models.

34



Image Acquisition
CT/MRI images stored
as DICOM Files

View Images
Image displayed with
respect to coronal,
sagittal and axial
views

T

Auto Segmentation .
5 Manual Segmentation
A threshold range is set to Cleanup of gaps.
|

create first definition of the remove unwanted
O

scan to be segmented. masks. boolean

Algorithm like region !

rowth can be used here. operation etc.
Is the segmentation

Satisfactory

!

YES

|

Topology Modification
Clean up rough data for
simulation and enhance

the model
e
Point Cloud Data Direct Conversion
Mew surface S_a ved as standard
generation refinement format like IGES,
of generated surfaces. STEF, STL etc.

C )
)

Additional refinement
Refinement of geometry, surface for
exporting for volume generation with

modelling software

Final output
Conversion to
standard CAD format
to be imporied by
CFD software

Figure 3-2: Flow chart of the segnentation processand generation ofthe 3D
computational model
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4 AXIAL VIEW
CORONAL VIEW SAGITTAL VIEW

//

Figure 3-3: Different views of CT image data

Figure 3-4. Generated 3D mask in .stl format tdoe imported to CATIA

When the applied numerical setup was acceptable witnconverging solution, the mesh
can be refined to get more accurate solution. If the®lution was not converging, the mesh
or the model was repaired for inaccuracySome probable auses of errors could be human

errors, modelling errors, or errors in the numerical setup].
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Fluid Model

Solid Model

Figure 3-5: Step by step model generation of carotid bifurcation using CATIA

In an unstructured grid, there wee no constraints on using a mesh type, a hybrid mesh
blendsvarious types of elements that can fit suitable mesh with boungasurfaces and
allocates elements of different types in regions of complex flow=or circular domains,the
guality of the grid isimproved by placing quadrilateral or prism elements to resolve viscous
boundary layersto capture near walls effectswhile tetrahedral elements ar@isedfor the

rest of the domains.

The anatomical fluid and solid models of the carotid bifurcatiomwereimported into Ansys
Workbench in STEP formal (step). Before performingthe analysis of the CAD models,
the surface patcks present initially on the CAD model are merged to form a single surface
using Virtual Topology. This aids in reducing the number of elermts in the mode]|
simplifies small features out of the model, and simplifies load abstraction. Both fluid and

solid mesh are discretized using 10 noddetrahedral mesh229] as shown inFigure3-6.
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Fluid Model Solid Model

Figure 3-6: Steps to obtain 3D carotid bifurcation fluid and stictural computation
model.

This chapterhighlighted the steps involved in generating a computational model for
haemodynamic analysis using anatomicalata. Numerical methods are applied to these
models to solved using CFD (rigid wall) and FSI technique wbh is explained in detalil

in the coming chapters.
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Chapter 4 Basic equation®f Computational
Flud Dynamics and Fluid Structure

Interaction.

The flow through the arterial is governed by conservation laws, and tlaeterial model is
governed by law of conservatiorof linear momentum. This chapter will describe the
numerical techniques used to solve the fluid and structural governing equations used in
the study along with the dynamic and kinematic conditions necessarfpr coupling the

fluid and structural domain

4.1 Computational Fluid Dynamics

Equations of fluid dynamics are a set of equations representingnservationlaws. The
equations are law of conservation of mass, conservation of momentum and conservation

of energy.

4.1.1 Conservation of mass

The conservation of mas is balance between mass entering a surface of a control volume
and mass leaving a surface of the same control volumEhis is summarized as shown

below

Yo P

1—/ng elad8Lr (4.2)
Where éis fluid density, t is total cycletime and V isthe fluid velocity.

The above continuity equation is rewritten in Arbitrary Lagrange Eulerian (ALE)

framework as
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!.—g Ei & RFR; L (4.2)
Where Ryis grid velocity.

In human vasculature, there are many arteries which bifurcates into smaller branches like
carotid artery andaortic arch Here the mass flow is divided due to flowdivision. The flow
rate in each branch is dependent otine flow resistance offered andt can be determined
by the considering the lumerdiameters of the branches and itafurcation angle However,

the mass flow must be conserved in the entire arterialta®rk.

4.1.2 Conservation ofmomentum

The momentum conservation principlewas obtained rom NHZWRQ -V VHRARIQG ODZ
| = &here A( is the sum of all forces on a control volumeThe two types of forces action

on the control volume are surfacéorce andbody force. Foran incompressible flow,
é1f722'9|_ $K@BKNEAQNBBKRA 4.2)
Where 11/722'Qis the acceleration.

Body forceslike gravity, centrifugal forces etcact on the entiredomain and its effects are
incorporated by including them in the momentum equationThe surface forces acts on the

fluid surface and deforms the fluidTherefore, the momentumequation can be written as
e—'z EéRG@;RLIT ®é/TR (4.3)
Where / is diffusivity

The above momentum equation is rewritten in ALE framework as

e!—gEe.>RF R?® ;RL | ®¢é/ IR (4.4)
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4.2 Governing Equations of Solid

The governing equation for the solid domain is written in Lagrangian reference as

| @ %dE - @L ( (4.5)

Where @s thedisplacement,/ is mass,%s damping, - is stiffness and( is force.

4.3 Discretization of governing equations

The governing equation of fluid in ALE framework is written as

.  ELQERRRIE F hgkdoklo L §als (4.6)
ipazaa@paa 128é00cBE& ,UUUexpaa lacdOg@aa

Where T is transport variable, / o,is diffusivity, 5 is the source term.

The governing equationsn the finite volume methodmust satisfy over the control volume

Ve around point P. therefore writing the above equation in integral form,

1P Rk @k EHbRKRE RS F b Laeadl otk QL

igaaaa@@aa Y2aa¢ 00 cO@aa »UUUexDdaa
L 6>e6 g
Ig ]Eé@é @&a (4.7)
jaeaog@waa

Discretiation of temporal term

X First order backward Euler scheme:

Here the temporal form is discretized as

UG—iUG—? UiU

!—!giéT@ELSE@TA (4.8)

Where n and n+1 are time intervals.

X Second order backward Euler scheme
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Here the temporal term is discretized as

R U6-7U6- gog: UjU.5p U7-707-
'—!i & @E L 8Eék | 0?8: .I 7>k | o] (4.9)
e 6e¢
Discretization of convection term
The convection term can be discretized by using Gauss theorem as
+| @ERFRD;@: L | 5 6RF R,y
G
LT 55éRFR2y1y
G
LT (s0y VE T
G

F. and S are mass fluxand face area vector pointing outwards through the face of the
element. If the flux value on the surface element is known, the convection term can be
determined by interpolation. Subscriptf; is the elementface. The primary aim of the
convection differenéng scheme is to calculatd y by using value of 6 at the center of the
elements. The following convection differencing schemes are available in CFX

x First order upwind differencing scheme

Oy L 0 EBy R

% L s, LscERyOT (4.11)
x Central differencing scheme
0,
_____ °
0,1 - ‘
0p == \
.- :
b A Q
Oy L Bacle E ks F B s @ (4.12)
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Where B 4 (s the interpolation factor which can be estimated as

VEZ
Back—, (4.13)

X High resolution scheme

Ty L :sFBkoya,, ERkdy (4.14)

(0]
YaYo

The values of koy a, and koy Q,are calculated by upwind and central differencing

scheme respectivelyThe upwind scheme is stablehowever, the accuracy is lowbecause
of the numerical diffusion introduced in the system by the biased nature of the scheme.
The central- differencing scheme is lessiasedand provides a second order accuracy but
not stable. Therefore, higkhresolution scheme is used to preserve sthtyiand accuracy of
the solution. It is a combination of upwind and central differencing scheme, the
contribution of the two schemes are determed by R This scheme reduces to upwind

difference scheme wherf3is zero and reduces to central differencetseme when 3is unity.
Discretization of diffusion term

The diffusion term is discretized by using gauss theorem as

+ 1 @Ké/ol TO@: L 1 Skéloll o,
4
LI ke/%o@5@.l I3y Y2 A

Y

1 ;y must be correctly estimated to calcuta the diffusion term, here

PP i i i

.||,uL@éAG E@A@E@?A@ (4.16)
J X ACUA 7

@A LAGEA T,
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Formula for shapefunction N, depends on the element chosen duriraalculation [230].

Discretizatioof source term
By applying linearization, the source term is discretized in the fluid transport equation as

suggested by Patankar et §31],

15:1;@ L 58E58&; (4.17)

4.4 FSI coupling methodology

Wang et al [232] suggested that the dynamic and kinematic conditions are necessary to
perform FSI analysis The kinematic condtion maintains the displacement compatibility

across the interface, which can be written as

@LF (4.18)

Where @s the displacement,@ and @are fluid and solid displacements respectively.
This gives arelationship between fluid velocity R and rate of change of displacement

written as

V&R L Ve (4.19)
Where Jlls normal vector on the inteface.

The dynamic condition maintains the traction across the interface when rislip condition

is defines at the flud interface given as

DeeFL e’ (4.20)
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Where & represent the interface stress.

These conditionswereused in the FSI codedy adopting partitioned approachThe nodes
on the fluid interface were modified according to the corresponding solid nodes by
following the kinematic condition. The stress equilibrium on the FSl interface was ensured
by following dynamic conditions and the fluid pressure was integrated into ¢hfluid force
used when applyingo the solid interface nodesThis procedure is illustrated as shown in

Figured-1.

ki
]
E.
oL
W
=)
E.:

FSI Interface

Figure 4-1: Diagrammatic representation of fluid structure interface coupling

4.5 Calculation procedure

The iterative method used by Ansys CFX for FSI coupling solution is Dirichlet/Neumann
approach. It means, the fluid equatiorwas imposed with Dirichlet boundary condition
like displacement and velocity at the interface. At the same time, Neumann Unalary

conditions such as force wasapplied to solid equation The standard procedure of
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calculation in FSI problem is summarized irFigure4-2. Similar work has been performed
by Kamakoti et aland Wall et al[233], [234]. Information from the previous time step is
used to compute thednitial configuration of the fluid domain. If @ is the information of
first coupling step of level n+1, else information previous coupling iteration, i.e@ ~°is

used. That is

s @EB Lr

@zs L \@>5E B Mr (4.21)
Where @s estimated displacement.
Next step is to solve the flow field to get

228 L (k@3o (4.22)

Where P is the fluid pressure and F is fluidorce term

The obtainedfluid load was transferred tostructural solver and corresponding load to be

applied tostructural solver is estimated
628 L ka0 (4.23)

Where fiis applied under 7elaxation factor.
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Figure 4-2: Flow chart showing standard FSI solution procedure

The solid governing equation is solved to get
@%% L 5kEZ20 (4.24)
Where S represent solid calculation.

The fluid deformation is estimated which corresponds tstructural solution obtained from

previous time step given as
23 L isFA; @ En@iy (4.25)

It should be noted that @23 is not the final solution but only an estimated solutiondr

fluid calculation at coupling level m+1.
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The solution is converged if the following condition is satigfd

N'1>5&‘Beo Y[lé\?>5éel_ @>>55 F @>5 (426)

N>SU O Y, a>54 | 2825 F 2a>5 (4.27)
Where Nis the residual, Y, is the convergence tolerancef and s denote fluid and solid

respectively.

The criteria to determine the convergence of the FSI solution is given[280]

(4.28)

[ ]

o a»

>T o)t”
Co ICo

%KJIJRAN 290

g0
Where §&;is the norm of interface quantitiesransferred between two domainsg, i 4s the
convergence criteria specified in the epling seup, &, sis the divergence limit. If §; O

G, y 4hen the solution is converged.
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Chapter 5 Computational hemodynamic

study of atherosclerotic carotid artery

5.1 Introduction

The flow in stenosed carotid arteries are subjected to disturbancedse lirecirculation,
oscillating shear etc. in post stenotic regiowhich leads to thrombus formation.Hence,
the assessment of flow disturbanaeasa very important factor in diagnosing carotid artery
atherosclerosislin this chapter, computational fluid dyramic simulation of patient specific

carotid artery model with and without stenosisvas performed by considering rigid wall.

To validate the accuracy of the numerical modelCFD simulations was performed on a
carotid artery model was compared with PIV mesurements[235] and the flow patterns
near the bifurcation of the carotid artery was studietHaemodynamic parameters such as

WSS, Velocity, and Oscillatory shear index (OSlwasanalysed.

5.2 Numerical validation

5.2.1 Validation model

A tuning fork shaped carotid arery model was proposed by Ding et §R36]. The model
was defined as a parametric stereolithographic (§)imodel and was scaled up to 3.2 times
the original model. Similar model was used by Buchmaif235] by using prototypes of the
model manufactured by3D printing. The fluid used in the study waglycerine solution
with dynamic viscosity of 11.7 x 1¢ Pa. sand fluid density of 1150 kg m. For validation
of numerical model, astudy was performed ora computational model shown inFigures-1

and the dimensions are highlighted ifable5-1.
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Figure 5-1: Representation of carotid artery model used in the study.

Table 5-1: Dimensions of the carotid artery model (mm) a= 501

Location D1 D2 D3 D4 D5 L1 L2 L3 R

Normalized
1 0.72 | 0.69 | 1.04 | 1.11 2.4 3.0 0.9 4.1
Values

The computational model wasmodelled in CATIA V5 ( 3D modelling software) and
imported into Ansys CFX (version 19.0) and meshed withO nodetetrahedral elements.
To capture nearwall quantities, inflation with 12-point refinementwith smooth transition

were imposed. Meshed model is shown iRigure5-2.

The field variableswere solved iteratively using continuity and momentum equations as

given by Eqg. 5.1and Eqg. 5.2 respectively
| ®QL r (5.1)

QR QL FILEAI®QEEC (5.2)
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Figure 5-2: (a) Tetrahedral mesh used in the study, (b) 12 layer inflation used near
boundary using smooth trasition method.

Where u is the velocity vector,p is the blaod pressure, éis the density, and &is the
viscosity. The governing equations were solvedsing high resolution advection scheme to
calculate the advection terms in the discrete finite volume equations. The residual target
is maintained at 0.0001.The wall was assuned to be rigid and stationery, and nc? slip
condition was definedat the wall. At the inlet, a fully developed Poiseuille flow was
defined. Reynolds number of 400 and 800 were applied representing mean and peak
systole velocities. This providedh detailedunderstanding on different inlet conditions and

its effect on flow recirculation, secondary flows and WSS variations.

5.2.2 Validation results

Grid independence study

Grid independence studywas performed to choose ideal mesh size for CFD studyn
ideal meshsize of 149399 elementwaschosen in the studyFigure5-3 shows the variation
of average WSS with number of elements.

Figure5-4 shows the comparison of velocity vectors between numerical and experimdnta
measurements at the central plane of a health idealized carotid artery model. Medocity

values were normalized with the maximum value at the centre line of the CCA inlet.
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Figure 5-3: Grid independene study

Due to the shape of the model, the flow remains laminar and hence tta@minar model
was used in the study. Results obtained for both Reynolds numbers were gaod
agreement with the literature. Velocity profilesvere slightly increased at the innewall of

ICA within the carotid sinus. This wasdue to flow division at the bfurcation apex, leading

to flow concentration near the inner wall. At the outer wall, flow recirculation was
observed due to pressure gradient. The low velocity zone was occuplgdat least 50% of
the lumen. The profilegetsuniformly distributed with blunt profiles at the downstream
where the vessel was straight. In conclusion, the flow patterns agree with the measured
data [235]. Compared to PIV data, flow separation due t@hange incross section at the

carotid sinus at the ICA were successfully predicted using laminar model.

Flow experiences a suddeimcrease in the cross sectiona areausing rapid decrease in
WSS to values close to or below zero at proximal sinusNSS remains lov at the sinus

and increase again at the distal end of the sinus due to reduction in the cross sectional area.
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As shown in Figures-5, for low Re, i.e., Re =400, a single detached flow region exist along
the carotid sinus with flav sepaeration and reattachment occurring at proximal and distal
regions. This trend is also seen in higher Re, but magnitude of negative WSS increases

with increasing Re.

Re = 400 A

ICA

...... CFD Results
s PIV Results

Re =300 CA

...... CFD Results
e PIV Results

@ ECA

Figure 5-4: Comparison of velocityvectors at different locations in the carotid artery
branches subjected to different Reynolds number. (a) Literatyf, [235], (b) present
study.

Figure 5-5: WSS plotted along the outer sinus wall foReynolds numbers, Re = 400;
800; Data are normalised by their corresponding value the common carotid artery
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5.3 Computational Fluid Dynamic analysis of patient specific

normal and stenosedcarotid artery

The carotid bifurcation is an ideal location for nonZinvasive imaging and many extensive
researches has been conducted during the pastcades, and many imagbased
haemodynamics of carotid bifurcation has been performed from experimental and
numerical aspects.In image based CFD studies, the domain of interest of the arterial
model is always truncated. The applielow conditions signifcantly effects the accuracy
of the numerical simulation. Hence, the application of the inlet and outlet conditiortzasel
on the MRI or Ultrasound measurementwas usually preferred[93], [237], [23§. In this
research acomputational fluid dynamic study ontwo patient specific carotid artery model
(normal and stenosedyvas studied under theeffect of different blood pressuie(Normal 2
NBP, pre - hypertension 2HBP 1, hypertension stage 1HBP 2 and hypertension stage 2
2HBP 3) as discussed in sectioR.8, and various hemodynamic parametersuch as WSS,

velocity streamlines andscillatory shear index (OSlare enumerated.

5.3.1 Carotid artery reconstruction

The general procedure to develop a 3D anatomical model of carotid artery involves
selection of CT/MRI data and converting the 2D images into a 3D mask using medical
image softwae like MIMICS 21 (Materialise, Leuven, Belgium) The generated maskvas
then imported into a CAD tool such as CATIA V6 (Dassault Systems SE)n this study,
patient specific anatomical modeWwasdeveloped using CT scan images with MIMICS 21.
To avoid stair step effect which appears on curved surfaces, the slice thickness
maintained less than 2mm. The developed model has more than 300 slices each in

coronal, sagittal and axial planes.
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5.3.2 Conversion of 2D CT scan images to 3D model.

MIMICS 21 is a tool which is used to edit the 2D images obtained from CT/MRI to
generate a 3Danatomical model accurately. The imagesvere segmented by taking
accurate measurements to generate a 3D model whicould be exported to various
applications such as FEAsurgical simuhtion, additive manufacturing etc. The CT/MRI
data usually is in DICOM (*.dcm) format in three different sections (axial, sagittal and
coronal) which was compressed and merged into a single volume based on similar pixel
size value. Further, 3D reconstructin of the model was performed by applying
appropriate threshold valueto identify the carotid bifurcation region. The segmentation
processwas performed by defining a range of threshold values to create a segmentation
mask. The threshold value for arteryegmentationwas in the range of soft tissues which
varies depending orthe case ranging from150 to 450 HU. HU (Hounsfield Units) is a
measure of the density of the tissue. Therefore, proper threshold value helps differentiate

the hard tissues like bones.

The segmentatiorwas a trial process. Noisevas introduced during the scanning process
because of various factors like device limitations, image reconstruction algorithms, and
other factors. The noisewas reduced considerably by optimum threshold valudn this
study, an optimum threshold value of 150550 HU was selected After segmentation, an
automatic region growing tool was used to reconstruct the carotid bifurcation region
consisting ofthe common carotid artery, internal and external arteryThe automatic
region growing eliminates the noise by removing the floating pixels and splits the
unconnected domainsOne of the majorissueswith this procedurewas the pixel leaking
into the surrounding tissues. Thisvas because the vessel wall separatirthe lumen and
the surrounding tissuesvas relatively thin. At some regions, the pixels growhrough the

wall, which resultedin large regions falsely defined as the vessel of interest. In such cases,
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manual segmentatiormust be performed. Some regionsveremanually segmented to edit
the mask to avoid unwanted regions which do not constitute the carotid artery region.
Finally, the 3D model was generated as explained in section 3.€igure5-6 shows the
generated 3D mask®f normal and stenosed carotid arteryFigure5-7 shows the meshed
carotid artery model used in the study. Both the models were meshed using ten node

tetrahedral element. Inflationwas used to capture near wall effects.

5.4 Newtonian and Non-Newtonian blood viscosity model

Newtonian behaviourwasassumed in arteries whose lumen diameter is more than 1 mm
and flows with shear strain rate greater than 100" $239]. In this study, for Newtonian
model, flow wasassumed to be laminar due to loiReynolds number and incompressible

with density of 1060 kg/m?, and dynamic viscosity of 0.004 Pa s.

Use of non 2 Newtonian rheological model in cardiovascular CFDwas becoming more
attractive due availability of robust computational tools. Steinman et §240] enumerated
the assumptions in blood flow modelling and performed aalysis on its impact on
computational haemodynamics. He highlighted the assumptions with respect to the
constitutive properties of blood flow and artery wall and suggested the use of Newtonian

model with adjustments to apparent viscosity depending on th&s of the vessel.

This appears to be a rather bold statement since literature suggests otherwise, some of
which are more detailed [250], which maintains that blood is a complex nodNewtonian

fluid and it must be considered in computational studies.

The most popular non2Newtonian model was suggested by de Wa€l241]. In this study,
an empirical definition of a non 2 Newtonian fluid is suggested for the first time. The
model was an extension of the Newtonian fluid by relating shear stress to shear strain rate

given as
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Where Uis the apparent viscosityK is the consistency index, which is a measure of
consistency of the flid, Jis a measure of divergence from Newtonian behawio (n=1).
When n > 1, the equation describes shear thickening fluid and wh n<1 the equation
describes shear thinning fluid. Since blood is a shear thinning flUi240], [242] the index
value less than 1 must be consideretdhe shear thinning effecof blood was because of
aggregation, deformation and alignment of red blood cells which determine the

rheological behaviour.

Figure 5-6: CT images of stenosed carotid artery from different planes agdnerated 3D
model. (a) normal carotid artery, (b) stenosed carotid artery. The highlighted regions
indicate a single slice imagef the carotid artery in different planes.
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ICA

Figure 5-7: Meshed computational model of (a) stenosed, (b) normal carotid artery used
in the study.

Cross[243] proposed anon 2 Newtonian blood viscosity modelwhich was completely

dedicated to shear thinnindbehaviour. In this equation, apmrent viscosity was defined as

AF A _:47?5;

—,A”L>sE:au67—. 6 WY
A

Where A;is low shear viscosity,A; is high shear viscosity,dis the time constant n is the

power law index This allows for a constant low shear viscosity butasunrealistic at high

shear ratess the viscosity tends to zero. tould be used to describe pseudoplastics which

werein some ways analogous to blood.

The aboveshortcomings are overcome by Birc? Carreau and Carreau? Yasuda models
which allows for limiting behaviour at high shear viscosities, whictwas more widely

observed in cardiovascular flows. Birc® Carreau modelwas an extension of Cross model

given as
AFAT 14?5,
AFA L>sE:a(f7 6 WAL,

58



A generalized form of the above equatiomwas obtained by replacing 2 and %2 with a and

1/a to get Carreau ? Yasuda model given as

AFAT . :4?5;
- . 5070 N
AuFAL>sE a 0P WX

Where =is Yasuda exponen{244]. In both Bird 2Carreau and Carreau?Yasuda models,
it could be noted that these models behave as Newtonian fluid whetresswas directly
proportional to strain 2 rate, when time constantwas zero, i.e., when the viscositywas
constant with time. Gijsen et al[94] showed that the shear thinning ékct controls the non
2Newtonian behaviourof the blood 1ow. In this study, shear thinning effectvasmodelled
using Carreau 2 Yasuda mode] where Ay L rartt2=CQ4 L ratt 2=QaL

ré&srvid L ra{t=J@L r&vyo4].

5.5 Boundary conditions and numerical setup

In this study, CFD analysis in a stenosed andormal human carotid arterysubjected to
different blood pressurewas performed. Thefocus was to study the haemodynamicsin

stenosed and bifurcated regions, hence the ends of the inlets and outhetse considered
sufficiently away from the regions of interest to avoid thafferent and efferent fluid
dynamic effects. Theinlet velocity was obtained from the Ultrasound Doppler scan and
applied as inlet velocity boundary condition Figure5-8 shows the velocity profile in the

Ultrasound Doppler scan and correspading inlet velocity profile. At the outlets, different

boundary conditions like constant outlet pressure, Impedance and resistance boundary

conditions were investigated131], [132] for both stenosed and normal models. Similar
studies were also perfomed on subject specific cas§¢245]4249], where use of resistance

boundary conditions was recommended.
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Figure 5-8: Ultrasound Doppler image to acquire the velocity atite common carotid
artery inlet (CCA inlet) and corresponding velocity profile

Therefore, in this study, resistance boundary conditionvas applied to consider the
peripheral resistance encountered by the downstream arterj250]. A pulsatile pressure
waveform as shown inFigure5-9 was applied at the outlets. Temporal velocity valuesre
extracted from the Ultrasound Doppler data points, which are used to generate a
polynomial equation and this data obtained was used ithe Fourier series equation to
generate the required pulse wave. Equation 5.7 shows the Fourier series approach which
was adopted to obtain the time varying velocity and pressure waveform from initial
waveforms approximated using six harmonics which was @md to be enough to generate
the desired waveform.
(:PL# EI ?@Sk#é?K:OﬁPE$aOEJﬁPO T

a
The Fourier equationwas numerically derived using Microsoft Excel and the constaat
obtainedwere used in the CFDExpression Language (CEL) in Ansys CFX. A noZ?slip
boundary condition was defined at the wall. In this study, high resolution advection
schemewas used to solve the governing equations with second order backward Euler

trandgent scheme.
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Figure 5-9: Representation of pulsatile pressure at the outlet

The convergence criteria for residuals of dependent variables was set 0.00001 to ensure
convergence of every time step. Here, three cardiac cycles were necgssadamp the

initial transients. Therefore, the last cycle was used to acquire the data.

5.6 Time step sensitivity tesand Grid independence test.

Time step sensitivity testvas carried out for a total time of 2.4 seconds andn optimum
time stepwas obtained during the transientanalysis. The last cycle of the three cardiac
cycle was to capture the hemodynamic parameters like WSS andelocity [251]. The
computational model of both stenosed and normal carotid artemyas subjected to time
step sensitivity testTime step size sensitivity based on stepsiof 50, 100, 125, 160 and
200 for both stenosed and normal carotid artery were performed for normal blood
pressureFigure5-10shows the time step sensitivity results and based on thas,ideal time

step of 100, i.e., 0.008s wsachosen to perform the analysis.
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Grid independence studywas performeddepending on theelement size of 1mm, 0.8mm,
0.6mm 0.4mm and 0.3mmto choose the optimum mesh size for the simulatiorzigure
511 shows the variation of aveage WSS at the wall and avage velocity in the fluid
domain for different mesh size. Optimum mesh size of 55626 and 68090 was chosen for

stenosed and normal carotid artery respectively.

5.7 Results and Discussion

The variation in flow pattern during different blood pressure rangewas investigated by
considering critical hemodynamic parameters such as WSS and velocity. Major changes
have been observed during peak systole, therefore this instant in the pulse cycs

considered to show the comparison of stesed and normal carotid artery model.

5.7.1 Wall Shear Stress

Wall shear stress contours were compared between two carotid artery model, normal and
stenosed by considering Newtonian and Carrea® Yasuda blood viscosiy models
subjected to different blood pressas. Figure5-12to Figure5-15showsthe WSS contours
of normal carotid artery subjected to different blood pressures by considering blood as
Newtonian fluid. In all cases, maximum WSSwaslocated at the lifurcation tip, where the

flow wasdivided.
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Figure 5-11: Grid Independence test
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Figure 5-12: WSS contour in normal carotid arterysubjected to NBP considering
Newtonian model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-13: WSS contour in normal @rotid artery subjected to HBP 1 considering
Newtonian model, (a) Peak systole, (b) Early diastole, (c) Late diastole.

The maximum WSS at NBP, HBP 1, HBP 2, HBP 3wvas17.176 Pa, 15.972 Pa, 15.972

Pa, and 15.688 Pa respectively by consideririge Newtonian model.

The Carreau- Yasuda model shows similar WSS gitterns as Newtonian model, however,
the WSS magnitudewas overestimated in Newtonian model as compared to Carrea@
Yasuda model.Figure5-16to Figure5-19shows the WSS contours of normal carotid artery

by consideringthe Carreau 2 Yasuda model.
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Figure 5-14: WSS contour in normal carotid artery subjected to HBP 2 considering
Newtonian model, (a) Peak gstole, (b) Early diastole, (c) Late diastole.
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Figure 5-15: WSS contour in normal carotid artery subjected to HBP 3 considering
Newtonian model, (a) Peak systole, (b) Early diastole, (c) Late diastole.

Maximum WSS was located at the bifurcation tipand the low WSS was restricted to a
region above the carotid bulb in the base of the ICA at late diastole. Thigsthe location
more prone to atherosclerosis development due to high flow recirculation leadingloever
viscosity of the blood whichwas more actively capturedby the Carreal 2 Yasuda model
as it consideredhe shear thinningbehaviourof blood. However, at the CCA therewasno
gualitative difference in the WSS between thawvo blood viscosity models. Figure5-28

shows the difference in the maximum WSS between the rheological models, and it can be
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observed there is 15% decrease in WSS compared to Newtonian modglso, the
Newtonian model exaggerates the low WSS region in the KCwhen compared to the

Carreau 2 Yasuda model.

Figure5-20to Figure5-27 shows the WSS contours of stenosed carotid artery model where
blood is considered as Newanian and Carreau 2 Yasuda model. As obsered in the
normal carotid artery model, WSS is overestimated by 25% by the Newtonian model as
compared to the Carreau? Yasuda mode| as shown inFigure529 Peak WSSwas
observed at the bifurcation tip, and WSS increadan the stenosed region at the base of
the ECA and post stenosis, flow recirculationvas observed, leading to low WSS region.
The magnitude of WSS between diffent blood pressure hd no significant difference
guantitatively. But the Newtonian model overestimatethe low WSS region compared to

the Carreau 2 Yasuda model.
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Figure 5-16: WSS contour in normalcarotid artery subjected to NBP considering
Carreau 2 Yasuda viscosity model, (a) Peak systole, (b) Early diagto(c) Late diastole.
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Figure 5-17: WSS contour in normal carotid artery subjected to HBP 1 osidering
Carreau 2 Yasuda viscosity model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-18: WSS contour in normal carotid artery subjected to HBP 2 considering
Carreau 2 Yasudaviscosity model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-19: WSS contour in normal carotid artery subjected to HBP 3 considering
Carreau 2 Yasuda viscosity model, (a) Peak systqléb) Early diastole, (c) Late diastole.
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Figure 5-20: WSS contour instenosed carotid artery subjected to NBP considering
Newtonian model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-21: WSS contour in stenosed carotid artery subjected to HBP 1 consiithey
Newtonian model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-22: WSS contour in stenosed carotid artery subjected to HBP 2 considering
Newtonian model, (a) Peak systole, (btarly diastole, (c) Late diastole.
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Figure 5-23: WSS contour in stenosed carotidrtery subjected to HBP 3 considering
Newtonian model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-24: WSS contour in stenosed carotid artery subjected to NB®nsidering
Carreau 2 Yasuda viscosity model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-25: WSS contour in stenosed carotid artery subjected to HBP 1 considering
Carreau 2 Yasuda viscosity model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-26: WSS contour in stenosed carotid artery subjected to HBP 2 considering
Carreau 2 Yasudaviscosity model, (a) Peak systole, (b) Early diastole, (c) Late diastole.
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Figure 5-27: WSS contour in stenosed carotid &ery subjected to HBP 3 considering
Carreau 2 Yasuda viscosity model, (a) Peakystole, (b) Early diastole, (c) Late diastole.
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Figure 5-28: Comparision of maximum WSS at the wall of normal carotid artery

Figure 5-29: Comparison of maximum WSS at the wall of stenosed carotid artery
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Traditionally, Newtonian approximation or blood wasadopted in large vessels. However,
the regions of low WSS in the arteriewere associated with flow reciculations and plaque
depoits. In such regions, the blod wasflowing at very low velocties, and hence subjected

to very low shear rates compared to other regions as observed in the WSS contours. In
these regions the nor? Newtonian effects must not be negletced. Théewtonian model
cannot capture the increase viscosity in such low WSS reg® and as a result,
overestimates the sheaate and WSS. This could undegstimate the risk of atherosclerosis.
As seen inFigures-28and Figures-29, the WSS isthe same for all blood pressures, for both
normal and stenosed arteries. This is becausf the lack of energy disspain in terms of

wall expansion due to increased outletrpssure.

5.7.2 Velocity

Figures-30to Figure>-33shows velocity streamlines in normal carotid artery for Newtonian
andthe Carreau 2Yasudamodels respectivelyThe velocity streamlines show similar flow
pattems for different blood pressuresThis co relates tadhe same WSS magnitudes between
blood pressuregNBP, HBP 1, HBP 2 and HBP 3) In all cases the blood flow untilthe
bifurcation tip and divides intothe ICA and ECA, and due to the geometryijt recirculated
into the carotid bulb and the base dhe ICA leading to low WSS in those regionsFigure
5-34to Figure5-37 shows the velocity streamlines in stenosethrotid artery model. Here
the Newtonian model shows highe recirculation as compared tahe Carreau 2 Yasuda

model.
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Figure 5-30: Velocity streamlines of normal carotid artery considering Newtonian model,
(a) Peak Systole, (b) Early Diastole, (c) Late Diastole
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Figure 5-31: Velocity streamlines of normal carotid artery considering Newtonian model,
(a) Peak Systole, (b) Early Diastole, (c) Late Diastole
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Figure 5-32: Velocity streamlines of normal carotid artery considering Carreaét'Yasuda
viscosity model, (a) Peak Systole, (b) Early Diastole, (c) Late Diastole
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Figure 5-33: Velocity streamlines of normal caroticartery considering Carreau? Yasuda
viscosity model, (a) PealSystole, (b) Early Diastole, (c) Late Diastole
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Figure 5-34: Velocity streamlines of stenosed carotid artery considering Newtonian
model, (a) Reak Systole, (b) Early Diastole, (c) Late Diastole
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Figure 5-35: Velocity streamlines of stenosed carotid artery considering Newtonian
model, (a) Peak Systole, (b) Early Diastole, (c) Late Diastole
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Figure 5-36: Velocity streamlines of stenosed carotid artery considering Carreau
Yasuda viscosity model, (a) Peak Systole, (b) Early Diastole, (c) Late Diastole
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Figure 5-37: Velocity streamlines of stenosed carotid artegonsidering Carreau
Yasuda viscosity model, (a) Peak Systole, (b) Early Diastole, (c) Late Diastole



The maximum velocity in the carotid arteryreduced with an increase in blood pressure
due to higher peripheral resistance. In the normal carotidrtery model, there were no
significant differences between the viscosity models, but theweas variation in the
stenosed carotid artery model. Thisvas because in a larg artery, the consideration of
Newtonian viscosity modelwas sufficient, whereas in asmall artery or ax artery with

stenosis, theconsideration of a non2Newtonian viscosity would be necessaif240].

Figure5-38 shows the temporal variation of maximum velocity innormal and stenosed
carotid artery model. It is evident that there is no sigrifant variation between the viscosity

models or the different blood pressure cases considered (NBP, HBP 1, HBP 2 and HBP
3).
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Figure 5-38: Temporal variation of maximum velocity
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5.7.3 Oscillatory shear index.
Oscillatory shear index (OSIshows oscillation of WSS vector in a cardiac cycl&@emporal
variations of low and high shear streswere measured[252]. Magnitude of time average

of wall shear stress vector, where timgasaveraged over one cardiacycle T isdefined as
. NN

lapod 21, 1e @P (5.9)
Time average of wall shear stress magnitude is defined as

6#952 71, is @P (5.10)

Now, Oscillatory shear index is defined as

15+ ravFs F24 2% (5.8)
Z! a x¢

It describes the cyclic variation of WSS from its major axial alignment and its values range
from O in unidirectional flow regionsto 0.5in fully reversible flow regions.

Figure5-39 shows te bar chartof OSI in stenosed and normal carotid artery using
Newtonian and Carreau 2 Yasuda model respectivelyBoth the rheological models show
similar behaviour with OSI of 0.085 for stenosedand 0.14 for normal carotid artery
respectively. OSI does not change with increase in blood pressure supportimg velocity
and WSS variations in previous sections.

Although CFD gives reasonable approximation on &emodynamic parameters such as
WSS, velocity and OS], it fails to predit the key heemodynamic parameters accurately
when the blood pressure in increased. Irrespective of the outlet pressure, the rigid artery
wall assumption, due to its high stiffness does not influence thaemodynamics. This was
becausethe elastic artery alsorbs the increased energy and deforms and changeshe
flow behaviour. This motivates the study ofSI analysis of the carotid artery subjected to

different blood pressures.
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Figure 5-39: OSI in normal and stenosed carotid artery with blood as Newtonian fluid
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Chapter 6 Fluid Structure Interaction study

of normal and stenosed carotid artery

It is evident from many studies that atherosclerotic plague is a location sgaecdisease
which occurs particularly at regionswith complex flow caused by geometry variations
such as bends or bifurcations[60]. However, the complexity associated with
atheroscleosis and the effect of mechanical factors and blood presswwas not fully
understood. Although WSS is a prime factor to stimulate endothelial cell respon@53],
understanding its variationdue to wall deformationand identifying these flow patterns in
vivo is very difficult.

In the previous chapter,image 2 based CFD studieswvere performed which also gives
detailed flow patterns such as WSS which cannot kdiscoveredfrom medical images.
Indicators such as WSS and OSI areommonly used to equate athersclerosis with
disrupted flow.. However, in these studiearterial elasticitywasignored andwasbased on
rigid wall assumptions.

In FSI approach, fluid and solid modelswere simultaneously solved and wa of great
interest for researchers becaueéits potential in predictive diagnosi$254]. This technique
was widely used to modelthe abdominal aorta, carotid artery and cerebral aneurysm
extensively. Torii et al[249] studied the effect of wall elasticity on a stenosed coronary
artery and found significant difference in WSS magnitude between rigid and FSI models.
This is confirmed by the analysis of the porcine coronary artery byuo et al[104] where
temporal wall shear stress gradiendbtained by FSI model was lessompared to rigid

models.
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In this study, FSI analysis of anatomically realistic normal and stenosed carotid artery
model was performed to understand lte effect of wall compliance and blood pressure on
hemodynamic markers such as WSS, velocity and OS&uch a study provide abetter
understanding to clinicians on the effect of blood pressure on normal and stenosed carotid

artery and the difference betwee@FD which wasseen in previouchapter and FSI.
6.1 Numerical validation

6.1.1 Pressure pulse propagation

Fluid structure interaction study on a straight elastic tube yegrooteet al[123] wasused

to validate the present analysisA simple test case of wave propagation in an elastic tube
was used. The dimensions of the geometry correspond to the approximate dimensions of
the human aorta. Two-way FSI analysiswascarried out using Ansys Structural and Ansys
CFX solvers and the pressie wave propagationwvas simulated in 3D elastic tube of inner
radius of 0.01 mand a tube thickness 00.001 m Figure6-1 shows the dimensions and
boundary conditions and the mesh used in the study¥he fluid and solid domainswere
meshed into 12240 and 35190 number of hexahedral elements respectively after grid
independence study. The wall of the elastic tubgas assumed tobe linearly elastic with
density of 1200kg/m 3, elastic modulus of 300,000 N/nfand PoisVRQ -V UDWLR RI ) (
was assumed to be Newtonian with a density of @ kg/m?* and dynamic viscosity of
0.003 Pa s.The inlet and outlet face of the solid modelvas fixed. Fluid and sold domain
wereat rest initially and the pressure pulseasappliedat the inlet for0.01s with O traction

at the outlet. The applied pressuravas approximately 10 mmHg and was not the
physiological pressure. However, ivasused to cleck the wave propagation phenomenon
for a short segment of elastic tubjd.20]. Total simulation time was0.01s, with a time step

of 0.000L s.
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Figure 6-1: Solid and fluid meshed model showing geometry, mesh details, applied
boundary conditions and dimensions

Figure6-2 shows the comparison of wave propagating between present sty the study
conducted by Degroote et al[123] at 2.5 ms, 5 ms, 7.5 ms and 10 ms.h€& maximum
pressure is observedt the first 2.5 ms and this pressure pulse gradually propagates till the

distal end.
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Figure 6-2: Pressure contours at 2.5 ms, 5 ms, 7.5 ms and 10 ms (a) Present study, (b)
Degroote et al[123].
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The pressure popagation was validated both qualitatively ard quantitatively with the

above literature. This validationwas required to check the two 2 way FSI coupling

capability in ANSYS.

6.1.2 Validation for physiological boundary condition

FSI analysiswas validated for pulsatile fow by considering the physiologial boundary

condition as observed by AlbertoFigueroa [131], where pulsatile flow wassimulated

through a simple straight tube representing carotid artery. The fluid model has a diameter

of 6 mm and 1B mm long. The solid model has a wall thickness of 0.3 mm as shown in

Figure6-3

Figure 6-3: Geometric details of elastic tube model

Young:V PRGXOXV DQG 3RLVRQ:V UDWhRaBerRds WK NP and HULD O

0.45 respectively, whereas fluidvas considered as Newtonian with a density of 1000

kg/m* and dynamic viscosity of 0.004 P& s. The outlet and inlet face of the solid model

wasfixed, and the rest of the wall nodesould move in any direction due to the interaction

with fluid flow. A pulsatile periodic wave form of three cardiac cycle was prescribed at

the inlet. The total simulation timewas 1.1 seconds with a parabolic profile as shown in

Figure6-4| For the outlets, resistance boundary conditionwas applied as described by

Irene [132], shown in

Figure6-5

Grid independence studyvas performed and an optimum

mesh size of 17560 and 35680 elements for solid and fluid model resjpwety.
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Figure 6-4: Inlet velocity profile

Figure 6-5: Outlet pressure waveform

A steady2-way FSI is solvedand theresultswere used as initial condiions for transient
2-way FSI analysis. Two sections, S1 and S2 &mm from inlet and outlet was taken to

capture the pressure profileflow and displacement.These locationswere selected as the
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radial deformation was not affected by the constrained inkeand outlet faces of the solid

model.|Figure6-6{showsthe radial deformation and pressure profileand|Figure6-7|shows

the mass flowcompared with Alberto Figueroa[131].

Figure 6-6: Pressure and deformation profile comparision (a) Present study, (b) Alberto
Figueroa[131]
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Figure 6-7: Mass flow variation between (a) present study, (B)bertro Figuerog131]

The maximum deformation is within 10% of the arterial diameterFlow is maximum at

peak systole when the deformatin is maximum. The computed paranetes show realistic
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phase lag and wH Ideformation. There is significant phase lag between the mass flow rates
at plane S1 and S2 and there is tioeable difference during systole and di&sle since the
outlet is compardively large duing diastole because it receives extra flow that is stored
during systole. This mass flow profile shows the ability of the artery to store the fluid
during systolic phase and then release it during the diastolic phase of the cardiac cycle.
Therefore, the obténed results, both qualitativéy and quantitatively corresponds with the

literature[131].

Wave speedvascompared using Moens? Korteweg equation. The phase lag during peak
systole ketween inlet and outlet flow was0.024 seconds for 126 mm length of the tube,
and wave speed produced was 5.25 m/s. The wave speed obtained by using Moéns
Korteweg equaton was 4.51 m/s. In this studythe lag between the inlet and outlet was
0.022 seconds for 126 mm length and the cosgonding wave speed using Moeng

Korteweg equaton was 5.68 m/s. Therefore, theravas a close relationship between the

wave speed obtained in this analysis and the literatujE31].

6.2 Fluid structure interaction analysis on Normal carotid artery subjected

to different blood pressures

Many researchers have explored FSI analysis in understandingemodynamics of blood
flow in both normal and stenosed carotid arterieddowever, the effect of varying blood
pressure orthe same carotid artery in changing the flow betviour was not understood.
In this section, heemodynamics in a patient specificormal carotid artery was studied by
changingthe blood pressurgfocussing onthe understandingof haemodynamics in critical
locations like the bifurcation. The significant changeobserved in flow during change in

blood pressure in normal carotid arteryvas discussed in this section.
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6.2.1 Case description

In this study, a healthy normal carotid bifurcaibn is considered to evaluge the effect of
blood pressure on Bemodynamics.The geometrywas generated based on data obtained
by CT angio scan as described in section 5.4.2. The 3D CAD modehks generated in
CATIA b ased on the da exported from MIMICS. The FSI models are generatedn
ANSYS Workbench. The detailed methodology of model reconstruicin was elaborated

in Chapter 3. Temporal velocity and pressure waveformnwvas applied at the inlet and the

outlets respectively as shown |Rrigure5-8land|Figure5-9jand a sequentially coupled two?

way transient FSI analysisvas performed for three cardiac cycles and the results obtained
at the third cyclewas consideredfor the analysis.The modelswere meshedwith ten node
tetrahedral elemeis using patch conforming algorithm and quadratic element order.

Inflation wasdefined in the fluid model to capture the boundary layer effects.

Figure 6-8: Meshed model used in the FSI analysis
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6.2.2 Results anddiscussion

The variations in the flow behaviour during different blood pressuresnd blood viscosity
modelswere investigated by considering critical hemodynamic parameters such\ASS,
Velocity, deformation and Oscillatory shear index The maximum changes occurred at
peak systole, early and late diastole, and hence, these instamse considered to compare
the flow behaviour [255]. The changes in the flomwas enumerated and corresponding

changes in WSS and OSI in normal carotid arterig highlighted in this section.

6.2.3 Grid Independence test

The fluid and solid modelswere discretized ugng 10 node tetrahedral elements and
variation of Maximum WSS magnitude at the wall, Maximum velocity magnitude at the

fluid domain and maximum wall deformation were noted at peak systole for different

mesh size. Based on the grid independee test as shon in|Figure6-9| an optimum mesh

size of 105963 solid and 323514 fluid elements are used in this analysis.

Figure 6-9: Grid independence study of normal carotid artery
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6.2.4 Time stepsensitivity test

Optimum timestep for FSI analysiswas chosen based on time? step sensitivity test.
Analysis was performed for 25, 50, 100 and 200 time steps with a step size of 0.032 s, 0.16

S, 0.008 sand 0.004 s.Testwas performed for NBP and outletboundary condition and

prescribed inlet velocity as shown ifFigure5-9|is applied. Average velocity in the fluid

domain and average WSSni the wall is plotted against different time stepas shown in

Figure6-10 Based on the above study, an éihum time step of 100 with a step size of

0.008 swaschosenin this study.

Figure 6-10: time step sensitivity test for normal carotid artery model
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6.2.5 Velocity

Figure6-11shows the velocity streamlines of normal carotid artery model subjected to NBP

by Newtonian and CarreauYasuda model considerations.Velocity magnitude was
maximum at peak systole for botltheological models. At peak systole and early diastole,
the position of the flow recirculation area was nearly identical, but at late diastole, at the
base of ICA near the carotid sinus, the flow recirculation and lowelocity area were more

chaotic. The difference betwen the viscosity modelsvas also more prominent in this

phase of the cardiac cycle as seen frgangure6-11 The Newtonian model showedmore

chaotic flow whereas inthe Carreau 2 Yasuda model, the flow was more laminar
compared to the Newtonian model This wasjustified as at low velocities the shear rate is
low and the Newtonian model fails to capture the norf Newtonian flow behaviour in that
flow regime and, at low velocities, the viscosity of bloodascomparatively increased, and
flow profiles were more laminar. This behaviaur was not captured by the Newtonian
model. At the bifurcation, the flow experiences a higivelocity gradient and reversed flow
along the outer wall of ICA. This asdue to thebifurcation of the CCA into ICA and ECA

and the carotid sinusthat is present in the outer wall region of the ICAcausing flow

recirculation in that region{Figure6-19shows the variation ofaveragevelocity magnitude

and from this, it can be established that the velocity magnitude does not vary significantly

with blood viscosity models.
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Figure 6-11: Velocity Streamlines for Normal blood pressuré\BP) considering
Newtonian model and Carreau 2 Yasuda model.
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Similar behaviour is observed with higher blood pressure cases viz., HBP 1, HBP 2 and

HBP 3.|Figure6-12shows the velocity streamlines in normal carotid artery subjected to

HBP 1 by using Newtonian andCarreau 2 Yasuda model. It can be seen that the

Newtonian model shows higher recirculation viaen compared to the Carreaw? Yasuda

model.|Figure6-13and|Figure6-14shows the velocity streamlines for HBP 2and HBP 3

respectively The velocity streamlines tend to be more laminar compared to NBP, as the
blood pressureincrease The flow seperation led to vortices and vortex shedding at
elevated flow rates caused by increased flow momentuiigher velocity wasobserved at
peak systole, and flow separation occurred at the upper portion of the CCA due to
bifurcation and increaseddiameter at thecarotid sinus. The velocity magnitude was
inversely proportional to blood pressure.This was attributed to higher periperal
resistance, which also contributed to a rise in arterial figmation due to blood pressure.
Because of the geometrywhere the ICA centreine was almost in line with the CCA,

higher velocities was observenh the ECA relative to the ICA.
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Figure 6-12: Velocity streamlines for Pre hypertension (HBP 1)condition considering
Newtonian and Carreau- Yasuda model
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Figure 6-13: Velocity streamlines for stge 1 hypertension (HBF2) condition considering
Newtonian and Carreau- Yasuda model
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Figure 6-14: Velocity streamlines for stage 2 hypertension (HBP 3) condition considering
Newtonian and Carreau- Yasuda model
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Figure6-15shows theaverage velocity magnitudeat different phases of the card@cycle

considering different rheological modeMith an increase in blood pressure, thenagnitude

of velocity is decreased, particularlytahe peak systoligphase

Figure 6-15: Average velocity magnitude in normalkarotid artery at different phases of
the cardiac cycle considering both Newtonian and CarreattYasuda model.

6.2.6 Wall Shear Stess

Wall shear stres is one of the most importanhaemodynamic parameteras it is directly

related to arterial wall degenerationFigure6-16 3Figure6-19

show the WSS contours at

the three phase®f the cardiac cycle. In all the bloogressure cases, the Newtonian model

significantly underestimates the WSS magnitud|§igure6—20t

(0]

Figure6-22

shows the bar

chart highlighting the difference in WSS magnitude between the two viscosity models. The

WSS magnitude is maximum for NBP and reduce with increase in blood pressuf¢.HBP
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3, the lowest WSS magnitudevas noted. In all cases, due to the high velocity graeht,
the WSS was concentrated at the bifurcation point on the inner wall at the stagnation
point. With the rise in blood pressure, the low WSS at the outer wall of the ICA at the
bifurcation decreases, and compared to the Newtonian model, the Carredasuda model
showed a difference of 3% average increase in WSS magnitudd.he flow separation
occurs at the base of the bifurcation near the carotid sinus at peak systaled at lae
diastolelower WSSwas along the outer wall of the ICA. At late diastole, vinere he flow
recirculation was maximum significantly lower WSS was observed. Because of elevated
blood pressure, the drop in WSS was due to decreased flow rate amiargement of the

arterial wall.

105



Figure 6-16: WSS contours for NBP (a) Newtonian model, (b) Carreai Yasuda model.
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Figure 6-17: WSS contours forHBP 1 (a) Newtonian model, (b) Carreau? Yasuda
model.
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Figure 6-18: WSS contours for HBP 2 (a) Newtonian model, (b) Carread Yasuda
model.
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Figure 6-19:WSS contours forHBP 3 (a) Newtonian model, (b) Carreau? Yasuda
model.
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Figure 6-20: Bar chart showing WSS magnitude at peak systole

Figure 6-21: Bar chart showing WSS magnitude at Early diastole
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Figure 6-22: Bar chart showing WSS magnitude at late diastole
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Figure 6-23: Temporal veriation of WSS magnitude at different planes.
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6.2.7 Wall Deformation

Figure6-24to|Figure6-27)shows thedeformation of the arterial wall at different phases of

the cardiaccycle for Newtonian and Carreau? Yasuda blood viscosity models. Here in
the normal carotid artery, thedeformation wasmaximum was at the bifurcation, mainly
due to lower arterial stiffnesscaused bycurvature. Generally, at the location where
pressure ismaximum, higher deformation is observed especially at the apex of the
bifurcation. The curvature of the bifurcation reducé the stiffness of the wall, and

therefore, hashigh wall deformation [256].

The outer wall of the ICA, along with the bifurcation zone, was also subjected to moderate
deformation. One of the potential causes of the development of atherosclEsowas low
WSS along with greater wall deformation There was no significant difference in the
deformation magnitude between the viscosity models. Maximum deformation of 0.447
mm, 0.516 mm, 0.602 mm and 0.689 mmvas observed at peak systole for NBP, HBP, 1

HBP 2 and HBP 3 conditions respectively.
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Figure 6-24: Arterial Wall deformation contours for NBP
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Figure 6-25: Wall deformation contours for HBP 1 condition.
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Figure 6-26: Wall deformation contours for HBP 1 condition.
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Figure 6-27: Wall deformation contours for HBP 3 condition.
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6.2.8 Oscillatory Shear Index

The oscillatory shear index is a nosdimensional parameter used to evaluate the oscillatory
behaviour of arterial flows. It gives the differences between average WSS and average WSS
vector. Using these values, the OSI elucidates the WSS vectofieletion from blood flow

principal directions during cardiac cycle. Therefore, OSl is calculated as:

154 ravH Fs F—A—Z'AD”&CZG (6.1)
17D e '

Where (0, T) is the time interal of the single cardiac cycle and® 5 &is the Wall shear

stress defined as
955L FqJa (6.2

Here is the Cauchy stress tensor of the fluidy L FL+E ta: &1 Q ;& 1Q, nand i
are the unit outward normal and the unit tangential vector on the arterial wall €,
respectively. OSI shows the time bound oscillations dfi¢ shear stress without taking into

account the shear stress behaviour in an immediate neighbourhood of a speqfnt

[257].

This parameter can be used to quantify the effect of oscillatory shears on the endothelial
layer of the arterial wall. It elucidates the deflection of the WSS vector from the direction
of blood flow during the cardiac cycle. It ca vary from O for no cyclic variations to 0.5 for

180° deflection of the WS3258].

Figure6-28 shows the average OStalculated over the wall fordifferent blood pressure

models considering both Newtonian andhe Carreau 2 Yasuda model. The OSI does ot

vary with blood pressures or viscosity models. The awsge OSI is calculated at the wall

118



and is found to be 0175, 0.180, 0.181 and 0.18 for NBP, HBP 1, HBP 2, and HBP 3

respectively for both viscosity models.

Figure6-29 2|Figure6-36shows the OSI contoursdr different blood pressure conditions

considering Newtonian and Carreau? Yasuda blood viscosity models. Emphasis was on
OSI distribution during three phases of the cardiac cyc{@eak systolegarly diastole and
late diastolg. It wasevident from the fgures that the OSlwas maximum at the outer wall
of the ICA near the carotid sinus, and at thdase of the ECAwhich may be a likely
location for development of plaqueThe OSI distribution patternswere not significantly

altered ty varying the blood pressre and the viscosity models.

Figure 6-28: Average OSI for different blood pressure conditions for Newtonian and
Carreau- Yasuda models
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Figure 6-29: OSI contours for NBP considering Newtonian model

Figure 6-30: OSI contours for NBP considering Carreal? Yasuda model

120



Figure 6-31: OSI contours for HBP 1 consiéring Newtonian model

Figure 6-32: OSI contours for HBP 1 considering Carea’ Yasuda model
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Figure 6-33: OSI contours for HBP 2 considering Newtonian model

Figure 6-34: OSI contours for HBP 2 considering Carrealt Yasuda model
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Figure 6-35: OSI contours for HBP 3 considering Newtonian model

Figure 6-36: OSI contours for HBP 3 considering CarreauYasuda model
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6.2.9 Helicity

Carotid artery haemodynamics is further elucidated by introducing helicitydelicity is the
property of a moving fluid representing the potentibfor helical flow to evolve flow with

a corkscrewlike pattern). Helicity is proportional to the strength and the amount of turning
in the flow (i.e. vorticity) [259]. The harmful clinical significance of this lypotheses of the
presence of helical flow in the umbital portion of the portal vein have beemlucidatedby
Sugimoto et al [260] who suggest that the dilation in the vessel and helical flow are
characteristic signsindicating the proximal stenosis of the portal vein. In stenosed
coronary arteies, helical patterns have also been observed at sites with increased vessel
wall thickness[261]. The benificial role playes by the helical flow is also discussedflnid
dynamic studies in the aortic arch by Bogren et §62] who observed thehelical flow in
normal subjects, while, Houston et a]263] found that the carotid atheromatous disease is

associated with reduced systolic helical flow pattern in the aortic arch.

In three dimensional flows described by velocity vector fiel@: &P, The helicity H (t) of
fluid flow is given as

*:GP L 8:CP, ®i:GBR (6.3)
Where 8is the velocity and fi is the vorticity field of the flow.

Equation 6.4 staes that, in flows with a rotational velocity field, felicity is maximum
when velocity V and i vectors lie in same direction, and helicity is null when velocity and

vorticity vectorslie in orthogonal directions :8&i L r;.

Figure6-37/and|Figure6-3g8shows helical flow regions captured at peak systolic phase of

the cardiac cycle, mapped with vorticity vectors and OSI contour bandsy considering

blood as Newtonian and Carreau? Yauda modd respectively.
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Figure 6-37: Voriticy vectors (black arrows)and iso 2surface representingdelicty
mapped with OSI bands in normal carotid artery model considering Newtonian model
() NBP, (b) HBP 1, (c) HBP 2, and (c) HBP 3.

Due to rapid change in the diretion of flow at the bifurcation, a vortex area was present
at the outer wall of the ICA. Helicity mapped withvorticity vectors and OSI bands shows
higher flow recirculation is observed where OSI is higher with low flow sngth, which is
higher at the nner wall of the ICA. Sicne the ECA is inline with the CCA, the helical

strength is low as observed in the velocity streamlines. Although there is no qualitative
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differences between the rheological models, the vorticity magnitude is higher in Carreau

Yasuda model compared to Newtonian model.

Figure 6-38: Voriticy vectors (black arrows) andso 2surface represeimg Helicty mapped
with OSI bands in normal carotid artery model considering CarreauYasudamodel (a)
NBP, (b) HBP 1, (c) HBP 2, and (c) HBP 3.

Figure6-39shows temporal variation of average helicty in the flow domain of normal

carotid artery model. The helicty strength is predominant in systolic phase of the cardiac
cycle and reduces with incrase in blood pressureThe helicty strength is reduced with
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increased blood pressure indicating that the region of low WSS increases withdalo

pressure.

Figure 6-39

Figure 6-39: Temporal average helicity magnitude in normal carotid artery

Table6-1| compares theaveragehelicity magnitude at peak systole for different blood

pressure conditions in normal carotid arteryThe magnitude of helicity decreases with

increased blood a27ressure mdicating higher flow recirculation.

Table 6-1: Helicity (m/s ?) at peak systolic phase in normal carotid artery model

BP Newtonian Carreau 2Yasuda
NBP 66.96 68.72
HBP 1 61.72 62.19
HBP 2 58.64 58.79
HBP 3 55.3 55.42
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6.3 Fluid structure interaction analysis on Stenosed carotid artery subjected

to different blood pressures

6.3.1 Case description

In this case, a stenosed carotid bifurcation naiel of a 6Gyear-old male, who had suffered

multiple strokeswasused. Here, a partial narrowing at the origin of the ECAvasobserved

as shown inFigure6-4Qwith a normal ICA and CCA, with a 50% narrowing is diagnosed

at the ECA root. The detailed methodology of model generation, meshing and applied

boundary conditionwasdescribed in section 6.2.1Figures-4Qshows the meshedolid and

fluid models used in the present study and the applied boundary cotidns.

Figure 6-40: Meshed solid and fluid model with boundary condition details
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6.3.2 Results and Discussion

In this section stenosed carotid arteryas subjected to different blood pressures and analysias
performed by considering Newtonian and Carreal Yasuda models. Hemodynamic parameters
such as velocity, WSS, deformation and OSkas captured and compared. The difference in the

hemodynamic parameter compared to normal arteryas enumerated.
6.3.3 Grid independence

Grid independence study was carried out to determine optimum mesh size for the

simulation. [Figure6-41 shows the variation of average deformatignWSS and averag

velocity for different grid sizes. An optimum mesh size of Z938 and 215208 elements for

structure and fluid respectively was chosen in the study.

Figure 6-41: Grid independence plot for stenosedarotid artery model
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6.3.4 Time step sensitivity test

Similar to normal model, Optimum timestep for FSI analysisvaschosen based on time
step sensitivity test. Analysisvas performed for 25, 50, 100 and 200 time steps with a step

size of 0.032 s, 0.16 s, 0.008 s and 0.004 s. Tests performed for NBP and outlet

boundary condtion and prescribed inlet velocity as shown ifFigure6-42is applied.

Average velocity in the fluid domain and average WSS in the wallas plotted against
different time steps.Based on the above study, an ¢éippum time step of 100with a step

size of 0.008 svaschosen in this study.

Figure 6-42: Time step sensitivity tesfor stenosed carotid artery model
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6.3.5 Velocity

Figure6-43 shows the variation of &erage velocity magnitude at different phases of the

cardiac cycle considering both rheologicahodels The velocity was highest at NBP and
gradually reduced with incrase in the blood pressure due to the resistance offered at the

outlets.

N

Figure6-44 2|Figure6-47 shows the velocity streamlines for all the BP cases at different

phases of the cardiac cycl&xcept for small flow recirculation areas at the carotid sinus
and post stenotic region in ECA, thelbw was mostly uniform at peaksystole, which is
more prominent with the increase in blood pressur&he flow, however, turns chaotic post
stenosis and the carotid sinus @he diastolic phaseln addition, the stenosis causes abrupt
flow disruption in the downstream of the narrowed ECA causing complex vortex
formation. With an increase in blood pressure at peak systole, the amplitude of the velocity
had decreased and it continug to increase at late diastole athe ICA. The flow

recirculation area at latediastole was increased with fgher blood pressure.

Figure 6-43: Average velocity magnitude in stenosedarotid artery at different phases of
the cardiac cycle considering both Newtonian and CarreattYasuda model.

131



Figure 6-44: Velocity Streamlines for NBP
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Figure 6-45: Velocity streamlines for HBP 1
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Figure 6-46: Velocity streamlines for HBP 2
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Figure 6-47: Velocity streamlines for HBP 3
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6.3.6 Wall Shear Stress

Figure6-48to|Figure6-51shows the WSS contours foNBP, HBP 1, HBP 2 and HBP 3 at

peak systole, early diastole anthte diastole. Maximum WSS magnitude at peak systole
for NBP, HBP 1, HBP 2 and HBP 3were 10.147 Pa, 10.176 Pa, 9.858 Pa and 9.631 Pa
respectivelyby considering Newtonian model whereas WSS ngmitudes of 14.892 Pa,

14.166 pa, 13.809 Pa, and 13.390 Pa for NBP, HBP 1, HBP 2 and HBP 3 respectivedye

obtained by considering Carreat? Yasuda model| Table6-2|shows the WSS magnitude at

different BP casesWith increasing dood pressure, the WSS magnitude rises and the WSS
appears to concentrate primarily at the stenosis area at the bifurcation and at the inner wall
of the ICA at late diastole. The WSS was concentrated mostly at the inner wall of the ICA

in the curved regionat the peak systole, while the low WSS region was predominant for
all BP cases immediately after stenosi#t early diastole, the intensity of the low shear
region increases and it extends across the inner wall of ECA at late diastole. The inner
wall of the ECA at the bifurcation zone has traces of low WSS (> 2 Pa) with a significantly
decreased effect of athesclerosis progression[264]. Moreover, WSS increased pre
stenosis at the neck of the stenosis at this stage. Low WSS was also observed in the carotid
sinus and post stenosis regions of the ECA due to a sudden increase in diameter caused by
flow recirculation. The development of atherosclerosis is induced by this low WSS (> 0.4
Pa) Although the locations of the high and low WSS regions are captured by Carre&u
Yasuda modelwaslike the Newtonian model, itwashighly exaggerated by the Newtonian
model as compared tdhe Carreau 2 Yasuda model.At the neck of the bifurcationbelow

the carotid sinus, where there was maximum flow recirculation, was the low WSS regi
Atherosclerosis progression and endothelial cell disorientation will probably be caused by

low WSS at geater BP[265].
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Table 6-2: Maximum WSS magnitudes

Maximum WSS (Pa)
Newtonian model CarreaufYasuda model
o Peak Early Late Peak Early Late
Systole Diastole Diastok Systole Diastole | Diastole
NBP 10.155 3.93 2.57 14.892 6.171 4.014
HBP 1 10.176 4.171 2.58 14.166 6.247 3.965
HBP 2 9.856 4.107 2.608 13.809 6.284 3.997
HBP 3 9.631 4.03 2.74 13.370 6.364 4.034
Figure6-52shows the temporal variation of WSS for different blood pressuresid viscosity

models It can be observed that for NBP condition the WSS variatiowas proportional to

the pressure variationin both Newtonian and Carreau 2 Yasuda model. However, for

HBP 2 and HBP 3 conditions, the WSS behaves in an oscillatory fashion with a reduction

in the WSS magnitude at peak systol&ehaviour may be due to strong resistance offered

at the outlet due to hgher blood pressures, significant WSS variation with timaas

obseved showing low WSS values at peak systolic phase probably because of higher flow

recirculation. The oscillatory behaviourwas mainly observed in plane 3 region at the

stenosis and post stesis where there is sudden reduction and expansion in the diamete

These are the critical regions where atherosclerosis progression is observed.
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Figure 6-48. WSS contours for NBP
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Figure 6-49: WSS contours for HBP 1
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Figure 6-50: WSS contours for HBP 2
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Figure 6-51: WSS contours for HBP 3
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Figure 6-52: Temporal WSS varation at different planes considering Newtonian and
Carreau 2yasuda models for different blood pressures
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6.3.7 Wall Deformation

Maximum arterial deformation occurred in the carotid bifurcation at peak systole, as seen

for all BP conditions in[Figure6-53 to|Figure6-56 It was observed that the location of

maximum deformation was in the bifurcation region.Higher stiffness in theregion of
plaque accumulation at the root of the ECA, resulted in decreased elastic deformation.
The reduced wall stiffness was localized around the ECA, resulting in decreased wall
deformation around the stenosis sitePost stenotic deformation in the distal side of the
ECA was amother observation due @ eccentric stenosis with a lower profile due to
increased plaque stiffness. The partial flow restriction offered by the ECA diverts the flow
through the ICA. However, the deformation had increasedue to increasedpressure in
the upstream of the narrowedregion to compensate the flow.Therefore, maximum
deformation was observed at the peak systolic phase at the entrance of the ICA in the
bifurcation region. As observed in published literature, the deformation prdé was
representative of normal carotid bifurcation.[12]. Among the rheological models

considered in the analysis, there was no substantial difference in arterial deformation.
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Figure 6-53: Deformation contours for NBP
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Figure 6-54: Deformation contours for HBP 1
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Figure 6-55: Deformation contours for HBP 2
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Figure 6-56: Deformation contours for HBP 3
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6.3.8 Oscillatory Shear index

Figure6-57shows the average OSI in stenosed carotid artery subjected to different blood

pressures. As observed with mmal carotid artery, the OSI did not show significant
variation with blood pressure.However, the OSI magnitude was significantly higher
compared to the normal carotid artery. This indicates higher flow reversals in the stenosed
artery due to sudden reduction and expansion of the artery resulting in flow reversals at

different locations d the artery.

Figure 6-57: Average OSI for different blood pressure conditions for Newtonian and
Carreau- Yasuda models

Figure6-58to|Figure6-65shows the OSI contours irthe stencsed carotid artery subjected

to different blood pressures by considering both Newtonian and CarredlyYasuda models.
It was evident that the OSI didnot show any significant difference between the blood
pressures and viscosity modelAt peak systole the maimum OSI was observed at the

inner wall of ICA extended towards the outer wall encircling the carotid sinus, and this
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remainsthe same for all the phases dhe cardiac cycle and for different blood pressures

with minor movement towards the downstream aearly and late diastole.

The higher OSI defines the regions of flow recirculation occurring in circular pattern at
the outer wall of the ICA and distal inner wall of the ICA.The OSI contoursemphasize
that the elevated OSI tend to occur at the sites ohpingement of flow andthe mean WSS
divergence regions at the distal end of recirculation zondswasalso predominant where
reverse flow meets the dominant flow direction at the outer wall of the ECA below the
stenosis. OSlwas maximum in the regions where flow streamline meetslong the front
and back ofthe ICA and where therewas a vortex formation adjacent to the wall as
observed duringthe late diastole phase of the cardiac cycle. Thdewtonian and Carreau

2 Yasuda viscosity modelsdid not show signficant difference in theOSI contours. The
OSl distributions suggest the low magnitude of WS®as captured with the OSI. The OSI
contours also show large variation among the two carotid artery models. For both models
the high OSI was found near the innewall of the ICA. The high level of OSI indicates
detrimental flow condition and the regions with an OSI magnitude of >0.2 are prone to
vascular dysfunction[252]. Additionally, the region near the outer wall of the ECA

adjacent to the stenosis showed higher OSI compared to the normal carotid artery model.
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Figure 6-58: OSI contours for NBP considering Newtoniammodel

Figure 6-59: OSI contours for NBP considering Carreal? Yasuda model
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Figure 6-60: OSI contours for HBP 1 considering Newtonian model

Figure 6-61: OSI contours for HBP 1 considering CarreauYasuda model
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Figure 6-62: OSI contours for HBP 2 considering Newtonian model

Figure 6-63: OSI contours for HBP 2 considering CarreauYasuda model
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Figure 6-64: OSI contours for HBP 3 considering Newtonian model

Figure 6-65: OSI contours for HBP 3 considering CarreauYasuda model
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6.3.9 Helicity

Figure6-66and|Figure6-67jshows the iso surface representing the helicity mapped with the

vorticity vectors and OSI bands in stenosed carotid artery using Newtonian and Carreau

2Yasuda model respectively

Figure 6-66: Voriticy vectors andiso 2surface representingdelicty mapped with OSI
bands insterosed carotid artery model considering Newtonian model
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Figure 6-67: Voriticy vectors andiso 2surface representingelicty mapped with OSI
bands in stenosed carotid artery model consideriri@arreau- Yasuda model

As observed in the figures, the helical strength is higher in the Carredyasuda model
compared to the Newtonian model. The helicity is predominant at the carotid sinus and it
reduces with increased blood pressure as indicated Ie tvorticity vectors. As the blood
pressure increases, counter rotating helical structures is observed near the inner wall of the

ICA and at the post stenotic region of the ECA, whose intenstity increases with increased
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blood pressurgFigure6-68shows the temporal variation of the helicity indicating reduced

helicity with increased blood pressure.

Figure 6-68: Temporal average helicity magnitude in stenosed carotid artery

Table6-3|shows the comparision of average helicity magnitude at peak systole in stenosed

carotid artery model for different blood pressure and rheologZarreau 2 Yasuda model

shows higher helicity compared to the Newtonian model by appkimately 4% for all the

blood pressure model.

Table 6-3: Helicity (m/s ?) at peak systolic phase in stenosedrotid artery model

BP Newtoninan Carreau - Yasuda
NBP 109.33 113.41
HBP 1 79.205 83.105
HBP 2 76.45 79.91
HBP 3 73.15 76.375

156



Chapter 7 Conclusions and Scope for future

work

As highlighted in the introductory parts of the thesis, the main motivation of the research
is to understand theeffects of blood pressure and rheology on haemodynamics in stenosed

and normal carotid artery.

The results generated from this research haventributed towards the better understanding
of the influence of blood pressurand blood rheologyon blood flow in the carotid artery
bifurcation. The study also highlighted the contrbution of the use of FSlin aiding the

diagnoss of cardiovascular physblogy in the normal and stenosed carotid artery.

The study can be classified into CFD simulation of patiergpecific normal and stenosed
carotid artery subjected to different blood mssure rangeFSI simulation of a straight
elastic tube, and FSI simulation of normal and stenosed carotid artery subjected to
different blood pressures. In this study, the objectivesere met satisfactorily andthe
results have contributed towardshe understandng of the fundamentals ofblood flow

under different blood pressures and the advantage of using ndNewtonian model.

The outcome of this researchwas to provide an understanding of the effect of the
physiological phenomenon of flow and comparehte changes irhaemodynamicsof normal

and stenosed carotid artery, by considering different blood pressures and blood viscosity
models. The present study demonstradeéhe use of FSI analysis visualizing thechanges

in haemodynamicswhich may have signifcant implications in medical diagnosis and may

also be useful in planning:linical interventions.
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The accuracy of the present analysis was validated by PIV measurements in literature and
the flow patterns ageed satisfactorily with the published data. Cmpared with the PIV
data, flow separation and vortex generation due to abrupt changes in the cressctions at
the carotid sinus of the healthy model eresuccessfully predicted by numerical simulation
using alaminar model. The predicted velocities at athe sectionswere comparable to the
published work. This study was used to validate the CFD results of ANSYS CFX software
used. Therefore, the numerical configurations used in this studguld provide satisfatory

information on vascular flows.

A two 2way transient coupled field analysis was validated using a benchmark simulation
available in the literature. The results obtained mateld satisfactorily with that of the
literature and demonstrate the pulsatilow behaviourthrough a segment of elasticube
representing the artery. Furthera validation study was performed considering realistic
physiological boundary conditions for ideakzed common carotid artery segment and the
obtained results agregwith the results in the literature. The pulsatile pymagation of the
wave, wall deformation and flow rate agred well with the literature. A wave speed test
was also performed to validate the results whictverein close agreement with the Moens

2Korteweg equaton.

Initially, numerical simulations were performed on normal and stenosed carotid artery
model considering rigid wall conditions. The study was conducted considering different
blood pressures and compared between Newtonian and Carre&uYasuda viscosity
models. In the normal carotid artery, the Newbnian model followed the flow profile at
the distal end of the CCAasjustified by the principle that the shear stress has a relationship
with the velocity gradient. As the flow progressd towards the bifurcation, the sudden
increase in the crossectionalarea redued the flow velocity leading to flow recirculation

zones.The Newtonian model failedto capture the unsteady flow variations in this region
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as captured bythe Carreau 2 Yasuda model. In the stenosed model, @ould be noted that
for the NBP condtion, the WSS was proportional to the pressure variation. Howeverof
HBP 2 and HBP 3 conditions, the WSS oscillatéwith a reduction in the WSS magnitude
at peak systole at the neck of the stenosis. The WSS increatmvards the downstream
and maximum a the neck of the stenosis. The average WSS plots bring out the dédfeces
in temporal WSS variations for different BP cases. The normal BP tha proportionate
variation compared to the pressure, as the BP incredsbe oscillatorybehaviourwas more

evident.

The variation of WSS at different blood pressure ranges for haigid and FSI modelswas
observed andhe rigid model prediced higher WSS magnitude compared to FSI for both
normal and stenosed carotid artery modgl While comparing the viscosity malels, the
Newtonian model prediced higher WSS in the rigid artery malel by 19% for the normal
artery model and 35% for the stenosed carotid artery model, whereas in FSjatvelower
WSS as compared to the Carread Yasuda model by 42% for normal artery mdel and

419% for the stenosed model.

The WSS contours in the normatarotid artery model considering both Newtonian and
Carreau 2 Yasuda viscosity modelshowed a reducedWSS with anincrease in the blood
pressure due to increased deformation of the aryeand increased peripheral resistance in
the artery. Maximum WSS magritude for NBP, HBP 1, HBP 2 and HBP 3 are 9.907 Pa,
9.716 Pa, 9.564 Pa, and 9.221 Pa respectively for the Newtonian model and 14.269 Pa,
13.752 Pa, 13.495 Pa, and 13.023 Pa for the Caate 2 Yasuda model. The WSS was
maximum at the divider wall of the biurcation, and due to flow diversion, recirculation
zones are generated at the outer wall of the ICA near carotid sinus which extends until the
end of the curved ICA. The recirculation zoe was more prominent in the Carreau?

Yasuda model and extendd towards the inner wall of the ICA.
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Similarly, for the stenosed carotid artery, the Newtonian modajave 10.155 Pa, 10.176
Pa, 9.856 Pa, and 9.441 Pa for NBP, HBP 1, HBP 2, HBP 3 respectivély considering
Newtonian model and WSS of 14.892 Pa, 14.166 Pa, 13.809 Pa, and 13.370 Pa by
considering the Carreau? Yasuda model The WSS magnitude decreasedith increasing
blood pressure and it tened to concentrate mainly near the stenosis region dhe
bifurcation and the inner wall of the ICA at the curved region, whereas the low WSS
region was predominant immediately after the stenosis for all cas8gsides, athis instant
WSS increasd pre stenosis at the neck of the stenosis where the diametasleast. Low
WSS was also observed at the carotid sinus and post stenosis regions due to flow
recirculation caused by increased diameter. In the Carre&yasuda mode| the behaviour
was like the Newtonian model, however the low WSS region was more predunant at
the base of the ECA and post stenosié.ccording to Fry [266], shear stress exceeding 40
Pa is critical to endothelial cells. Morever, Ramstack et a]267] claimed that a shear stress
magnitude of 100 Pa can result in detachment of the endothelial cellylar resulting in
plaque rupture and for clots resulting in a stroke. It was safe to shgsed on the above
results that there is no biomechanical damage to the endothelial layer of the arterial wall.
As the stenosis was in the external carotid artery, i$fect on the healthy branch was also
greater due to the law of conservation of massh& presence of stenosis in ECA makes the
ICA a favourablelocation for the generation of stenosis because of the generation of flow
recirculation at the carotd sinus. These observations ledo a more concentrated
gualitative measurement of WSS based degmors on the arterial wall. Wall shear stress
is a flow-driven parameter, therefore, the variation in blood pressure also governs the
variation in the WSS. Since the flowvasin the axial direction, the value of WSS was more

in the axial direction comparel to other directions. However, at high flow rates, the

oscillatory behaviour of the WSS may be due to chaotic flow developed due to the
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interaction of blood and the stenosed region of thatarial wall. Such interactions create
unstable flow domains in tke flow direction, leading to significant flow in a direction
perpendicular to the direction of flow. Therefore, based on the WSS markers, the locations

susceptible to secondary plaque accuration can be evaluated.

Oscillatory shear index (OSI) isan index that explains the flow reversals and highlights

the difference between average wall shear stress and average wall shear stress vector.
Although the formation of plaque is dependenbn many other factors, the oscillatory shear
stress was more appmriate while dealing with oscillatory blood flow[183]. According to

many experimental investigationg[45], [264], [268], the plague formation was at the

location where there was the maximum shear oscillatiorﬁiguref‘rzgto Figure6-3gshows

OSI contours for normal carotid artery subjected to different blood pressures ﬁi@ure

6-58to|Figures-659shows the OSI contours bthe stenosed carotid artery fodifferent blood

pressures. The maximum OSI occurredear the external walls of the ICA and the opening

of the bifurcation. Thesewere the regions that are susceptible to plaque formation. The
high shear stress on the walind higher velocitieswere the factors that prevent plaque
accumulation at the bifurcation apex. Meanwhile, studies have also found that flow
separation, recirculation and low shear stress at the carotid sinus makes the area
susceptible to plaque accumuladn [256]. The low shear stress the most important index
which determines the development of atherosclerosis. Hence, the maximum OSI was seen

in the regions where the WSS was low and there was high flow recirculation.

The thorough investigation of 2 different abject specific casesainonstrate the potential

of numerical FSI simulations to understand the detailed haemodynamics in normal and
diseased conditions, such as entry and exit of flow velocity near the stenosis, swirling of
flow post stenosis and at the eatid sinus, post stentc arterial wall deformations, WSS

at the neck and across the stenosis and at the carotid sinus. All these variables are not
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under the purview of imagingdiagnostictechniques. Although accurate investigationare
dependent on arteal wall, flow assumptions, boundary conditions, numerical
approximations, FSI simulations with few approximations provide an overall flow pattern
and haemodynamic behaviour similar to clinical observations. The numerical simulation
of subject specific modls for different blood pressures will certainly be useful in

understanding the haemodynamic variations and possible outcomes.

The CFD and FSI simulations were conducted under physiological conditions to study
the flow patterns in the carotid artery model subjected to differenblood pressures. The
flow patterns and the WSS distributions were discussed to enumerate the effects of the
rheological models. A categorical difference between the WSS distributions of Newtonian
and Carreau 2 Yasuda models was ob=rved and as observedhithe results, the more that
blood shows shear thinning behaviour, the less the area of the bulb experiences back flow.
The results show that the Newtonian model overestimates the extent of backflow zone.
Hence, using the nonz Newtonian model to mimic the behaviour of blood is requiredas

blood has a significant shear thinning nature.

The Newtonian model fails to capture the unsteady flow variations in this region as
captured by Carreau 2 Yasuda model. In the stenosed model, theNSS varies
proportionately with the pressure. However, for higher blood pressures, the oscillatory
behavior of the WSS is observedith a reduced WSS at peak systole at the neck of the
stenosis. An increased WSS at thslownstream is observed and it is mamum at the neck
of the stanosis. The temporal plots bringut the differences in the WSS for different blood
pressures. The variation of WSS iproportional to pressure for normal blood pressure.
However, as the blood pressure increastige oscillatory belavior was more evidentWith

increased blood pressure, the WSS tends to reduce and it is concentrated mainly near the
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stenosis region at the bifurcation near the inner wall of the ICA, whereas, the low WSS
regionis immediately after the stenosis for alhie cases. However, at thisistant, the WSS
increasegpre stenosis at the neck. Low WSS was also observed at the carotid sinus and
post stenosis dudo flow recirculation caused to increased arterial deformation. In the
Carreau 2 Yasuda model, the behaviowassimilar to the Newtonian model, however, the
low WSS region was more predominant at the base of the ECA and post stenosis.
According to Fry [266], shear stress exceeding 40 Pa is critical to endothelial cells.
Moreover, Ramstack et aJ267] claimed that a shear stress magnitie of 100 Pa can result

in detachment of the endothelial cellayer resulting in plague rupture and for clots
resulting in a stroke. It was safe to say based dhe above results that there is no
biomechanical damage to the endo#ial layer of the arterid wall.

Since the stenosis was in ECA, its effect on the healthy ICA was greater due to the law of
conservation of mass. The blocked ECA leads to higher flow recirculation in carotid sinus
making it a favorable location for plaquedeposits. These observains led to a more
concentrated analysis of WSS based descriptors on the artery wall. WSS is a ftbiven
guantity, therefore, the blood pressure also has a significant effect on it. Since the flow is
axial, the WSS washigher in axial direction compared ¢ other directions. However, at
high flow rates, the oscillatory behavior was due to disturbed flow developed due to
interaction betweenthe stenosed region of the arterial wall and blood, creating unstable
flow domains, leading to significant flow in the direction perpendicular to flow direction.
Therefore, using the WSSmarkers, the location favorable to secondary plague
accumulation can be determined.

Meanwhile, studies have also found that flow separation, recirculatm and low shear
stress athe caroid sinus makes the area susceptible to plaque accumulati@b6]. The

low shear stressis the most important index which determines the development of
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atherosclerosis. Hence, thenaximum OSI was seen in the regions where the WSS was
low and there was lgh flow recirculation. Moreover, this kind of investigation with
detailed discussion on variations in flow behavior under thmfluence of differentblood
pressures and rheologygffers the preliminary information for further studiego be used as
diagnosic tool and planning of surgical inerventions.

Helical flow naturally occurs throughout the arterial tree because of the geometric
complexity of the vasculature and flow condition$269]. The benefits of helical flow such
as reduced flow disturbance which leads to disturbed shear is observed by researchiees
presence of helical flow may therefore protect the vasculatdrem atherosclerotic dsease
[270]. In this study the presence of helical flow in normal and stenosed carotid artery
model is studied for different blood pressures and blood rheology models. The presence of
helical flow is associated with oscillatory shear and it is observed that with increased blood
pressure the helical intensity is reduced which indicated that the ieased blood pressure
can lead to disturbed shear leading to atherosclerotic lesion. Theulkgsexhibit high helical
intensity and strong balance between helical structures coinciding with low distribution of
oscillatory shear. This suggests that high hedl intensity coupled with balanced helical
structures is capable of suppressing the exposuo low or oscillatory shear. These
observations are in agreement with Gallo et gP71] who observed thathigh helical
intensity coupledwith balanced helical structure can suppress areas of low or oscillatory

shear in carotid lifurcation.

The three 2dimensional CFD and FSI analysis reveald that increased blood pressurede
to reduced maximum wall shear stress and higher recirculation zones in critical areas in
the carotid artery thatwere captured by solving the flow fiéd using three dimensional fully

coupled FSI analysis. The major conclusions from the analysis are aidws,
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. The CFD (rigid wall assumption)analysis overestimates the WSS as compared to
FSI analysis.

In FSI analysis, theWSS magnitude predicted by théNewtonian model is lower
compaered to Carreau? yasuda model due to the shear thinning behaviour
captured by theCarreau 2 Yasuda model.

. The flow recirculation zone is mainly observed in the carotid sinus region in the
normal carotid artery model, whereasn the stenosed carotid artery, it is also seen
in the post stenotic region due to sudden increase in the crgsstion regions, that
correspond to lowWSS regions, as areas prone to atherosclerosis.

. The oscillatory shear index is mainly modespecific, asthere is no significant
difference in the distributon between different blood pressure conditions.

. The results show that the formation of atherosclerotic plaque in regions such as the
posterior wall of the carotid sinus is high as the WSS is lower.

. Helical intensity is higher in stenosed model compared normal model, also the
difference between the rheological model is more prominent in stenosed model

compared to the normal model.

7.1 Recommendation for future work.

The present study assumed the arterialall to be linearly elastic. However, physically tb

actual nature of the artery is viscoelastic. The FSI study by considering the anisotropic

property of the artery can be performed to demonstrate its effect baemodynamics

In this study, the materialproperty of the plaque is considerethe same as tle artery. The

study can befurther improved by considering the material properties of the plaque and

artery separately.Also, the stiffness of the artery wall is assumed to be the same for

different blood pressures. However, it is observed that at elevatbétbod pressures the
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stiffness of the artery varies. It can be investigated further by incorporating varying stiffness

of the artery corresponding to increasing blood pressure.
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