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ABSTRACT

The coronary artery disease is a leading cause of death all over the world. The
primary cause of coronary artery disease is the arthrosclerosis. There are various causes
of stenosis formation primarily linked to food habits. There has been continuously
growing interest to understand the blood flow behaviour in Atherosclerosis condition
due to its serious impact on human life. It is believed that hemodynamic plays an
important role in further progression of these coronary artery diseases. In this study, an
investigation of variation in hemodynamic and diagnostic parameters in the left
coronary artery was carried out based on idealistic and realistic patient specific models
of left coronary arteries in diseased and normal condition during hyperthermia. The CT
scan images of suspected patients of coronary artery disease were acquired to
reconstruct the 3D models of realistic left coronary models. Computational fluid
dynamics is used to reflect the in vivo cardiac hemodynamic. The wall pressure,
velocity flow pattern, and wall shear stress were calculated during the cardiac cycle. To
investigate the effect of shapes of stenosis on hemodynamic and diagnostic parameters,
three different shapes of stenosis models (elliptical, trapezoidal and triangular) are
studied. The highest level of pressure drop was observed for trapezoidal shape of
stenosis followed by elliptical and then by triangular shaped stenosis. The increase in
percentage area stenosis, increases the velocity profile inside the blockage region. The
variation in FFR in the region of 76.5-82.7% AS could lead to the misdiagnosis of
intermediate stenosis to decide upon coronary intervention around the clinically used
cut-off value of 0.75. The influence of angle of curvature of artery i.e. 30°, 60°, 90° and

120° on hemodynamic parameters was investigated. It is found that the blood flow



behaviour is substantially affected by the combined effect of stenosis and the curvature
of artery. The presence of curvature provides low blood flow region at the lower wall of
artery creating a potential stenotic region. The effect of different degree of stenosis on
various locations in patient’s specific left coronary artery on hemodynamic parameters
have been studied by using CT scan images during hyperemic conditions. The decrease
in pressure was found downstream to the stenosis as compared to the coronary artery
without stenosis. The velocity increases with the increase in the percentage area
stenosis. The result also shows that the re-circulation zone was observed immediate to
the stenosis and highest wall shear stress was observed across the stenosis. The
maximum pressure drop was found for the models having stenosis of 70% and 90% at
the left main stem and left circumflex branch respectively. Thus it can be conveniently
said that the case of 70% AS located at left main stem and 90% AS at left circumflex is

the most severe condition among 10 models being investigated.



ABSTRAK

penyakit arteri koronari adalah penyebab utama kematian di seluruh dunia.
Punca utama penyakit arteri koronari adalah arthrosclerosis itu. Terdapat pelbagai sebab
pembentukan stenosis terutamanya dikaitkan dengan tabiat makanan. Terdapat minat
terus berkembang untuk memahami tingkah laku aliran darah dalam keadaan
Aterosklerosis disebabkan kesan yang serius terhadap kehidupan manusia. Adalah
dipercayai bahawa hemodynamic memainkan peranan Yyang penting dalam
perkembangan selanjutnya penyakit-penyakit arteri koronari. Dalam kajian ini, siasatan
variasi parameter hemodynamic dan diagnostik dalam arteri koronari Kiri telah
dijalankan berdasarkan model tertentu pesakit idealistik dan realistik arteri koronari Kiri
dalam keadaan berpenyakit dan biasa pada hyperthermia. CT imej scan pesakit yang
disyaki penyakit arteri koronari telah dibeli untuk membina semula model 3D realistik
model koronari kiri. Pengiraan dinamik bendalir digunakan untuk mencerminkan in
vivo hemodynamics jantung. Tekanan dinding, corak aliran halaju, dan tekanan dinding
ricih dikira semasa kitaran jantung. Untuk mengkaji kesan bentuk stenosis pada
parameter hemodynamic dan diagnostik, tiga bentuk yang berbeza daripada model
stenosis (elips, trapezoid dan segi tiga) sedang dikaji. Tahap tertinggi kejatuhan tekanan
diperhatikan untuk bentuk trapezoid stenosis diikuti oleh elips dan kemudian oleh
stenosis berbentuk segi tiga. Peningkatan kawasan peratusan stenosis, meningkatkan
profil halaju di dalam rantau yang tersumbat. Perubahan dalam FFR di kawasan 76.5-
82.7% AS boleh membawa kepada misdiagnosis stenosis perantaraan untuk membuat
keputusan ke atas campur tangan koronari sekitar nilai cut-off secara klinikal digunakan
sebanyak 0.75. Pengaruh sudut kelengkungan iaitu 30° 60° 90° dan 120° pada
parameter hemodynamic disiasat. la didapati bahawa kelakuan aliran darah dengan

ketara terjejas oleh kesan gabungan stenosis dan kelengkungan arteri. Kehadiran



kelengkungan menyediakan kawasan aliran darah rendah pada dinding yang lebih
rendah daripada arteri mewujudkan rantau stenotic yang berpotensi. Kesan daripada
tahap yang berbeza stenosis di pelbagai lokasi di tertentu arteri koronari kiri pesakit
pada parameter hemodynamic telah dikaji dengan menggunakan CT imej imbasan
semasa keadaan hyperemic. Penurunan tekanan ditemui hiliran untuk stenosis
berbanding arteri koronari tanpa stenosis. halaju meningkat dengan peningkatan dalam
kawasan peratusan stenosis. Hasil kajian juga menunjukkan bahawa zon edaran semula
diperhatikan segera untuk stenosis dan paling tinggi tekanan dinding ricih diperhatikan
seluruh stenosis. Penurunan tekanan maksimum didapati untuk model masing-masing
mempunyai stenosis sebanyak 70% dan 90% pada batang utama Kiri dan cawangan
sirkumfleks kiri. Oleh itu, ia boleh ditemui dengan mudah berkata, kes itu sebanyak
70% AS terletak di batang utama kiri dan 90% pada sirkumfleks kiri adalah keadaan

yang paling teruk di kalangan 10 model sedang disiasat.

Vi
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CHAPTER 1: INTRODUCTION

1.1 Background

Human knowledge has been progressing since centuries but last few decades
have seen an explosion of knowledge in almost every aspect of life. In-spite of such an
advancement of knowledge, there are few fields which are still as new as it could have
been to the stone-age people. One such field of study is the human body which is such a
complex and fascinating system to study. There are many individual subsystems in
human body which collectively work together as one organic entity. There are various
important organs in the human body among which the heart can be argued to be the
most important organ because of its function of circulating blood to all body parts.
Typically human heart weighs about is 250 - 350 gm though diseased heart can have
much higher weight. The dimension of an adult heart could be 12cm x8cm x6¢cm. Heart
is primarily comprised of 4 chambers namely left atrium, left ventricle, right atrium and
right ventricle. The left side chambers handle the oxygenated blood whereas the right
side chambers processes deoxygenated blood. The deoxygenated blood from right side
of the heart flows to lungs, where it is loaded with oxygen and returns to the left side of
the heart. The oxygenated blood from the left side of the heart flows to all tissues of the
body (with the exception of the heart and lungs). Some of the facts of heart are truly
mind boggling. For instance, it is estimated that the heart beats about 2.65 billion times

and pumps about 194 million liters of blood in 70 years of life span.

This is similar to an amount of blood contained in a swimming pool of
dimension 1km long, 100m wide and 2m depth. Supply of blood to body parts is such a
crucial requirement for nourishment and functioning of that particular part. Like all

other organs which require blood supply for function, heart itself needs adequate



oxygen and nourishment supplied through blood circulation to heart muscles for

keeping itself in active state of pumping.

1.2 Coronary arteries

It is estimated that 4-6% of total blood supplied by heart is fed to heart muscles
(Myer, 2003) through coronary arteries that are responsible to channel the blood to heart
tissues. The main function of the coronary arteries is to supply the oxygenated blood
and nutrient to the cardiac muscle. The coronary arteries are small arteries of diameter
about 3 to 5mm originating from top of the aorta. There are two main coronary arteries
called Left coronary artery (LCA) and Right coronary artery (RCA) that further
subdivide into branches as depicted in figure 1.1. The initial segment of the left
coronary artery (LCA) branches into two smaller arteries namely (Figure 1.2) left
anterior descending artery (LAD) and left circumflex coronary artery (LCX) (Waite &

Fine, 2007).

. Left Circumflex artery (LCX) that supplies blood to the left atrium, side and

back of the left ventricle

. Left Anterior Descending artery (LAD) that supplies the front and bottom of the

left ventricle and the front of the septum

The right coronary artery branches into

. Right marginal artery

. Posterior descending artery

The right side of human heart is smaller than left side. The right side of heart receives
blood from right coronary artery which is active in pumping the blood to lungs for
oxygenation, which pumps blood to the lungs. The rest of the right coronary artery and

its main branch, the posterior descending artery, together with the branches of the



circumflex artery, run across the surface of the heart's underside, thus making sure that
the bottom portion of the left ventricle and back of the septum are supplied with
adequate blood. The left coronary artery (LCA) supplies blood to approximately 75% of
the cardiac muscle. The remaining portion of the heart receives blood from right
coronary artery (RCA). The coronary arteries are known to have significant tortuosity
(twist/bend) and tapering after the branching from aorta. There is turbulence in blood
flow inside the coronary arteries because of high flow rate and tortuosity. The non-

dominant right coronary artery and their branches are shown in figure 1.3.
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Figure 1.1: Coronary arteries of heart (http://my.clevelandclinic.org)



Figure 1.2: Volume-rendered image of the left coronary artery (LCA)

Figure 1.3: Volume-rendered image of the right coronary artery (RCA)

The supply of blood to the heart muscles can get hindered leading to very serious

diseases such as atherosclerosis. The atherosclerosis is characterized by thickening of



arterial wall due to deposition of undesirable materials such as cholesterol, fatty
substances, cellular waste products, calcium and fibrin (a clotting material in the
blood) etc. as shown in figure 1.4. This is a condition in which plaque builds up inside
the arteries which reduces the effective blood flow area of artery that eventually reduces
the blood supply to heart muscles. The Coronary Artery Disease (CAD) is the leading

cause of death across all over the world which has claimed millions of lives.

) Hormal artery

Marrowed Plagus
artery

Figure 1.4: Thickening of artery (http://cardiac.surgery.ucsf.edu/)

According to the World Health Organization (WHO) fact sheet, ischeamic heart
disease which is a result of reduced blood flow, has caused the death of 7.4 million
people (figure 1.5) in the year 2012 alone (www.who.int) , constituting about 25% of

total diseased death recorded. There are various diagnostic tools being used to identify
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the narrowing of arteries due to plaques which includes the coronary angiography,
Coronary computed tomographic angiogram (CCTA), intravascular ultrasound (IVUS)
etc. These techniques are handy in identifying the anatomical significance of stenosis
but do not provide any idea about functional significance of the stenosis. Thus a
technique based on fluid dynamics analysis namely Computational Fluid Dynamic
(CFD) is gaining popularity in assessing the flow dynamics of blood inside the arteries

which is proving to be a useful tool in clinical decision making.

For instance, the fractional flow reserve (FFR) is one of the important parameter
in assessing the functional severity of stenosis which is nothing but the ratio of
maximum myocardial flow in artery having stenosis to the maximum myocardial flow
had the stenosis been absent. This flow ratio is also expressed as the ratio of the distal
coronary pressure to the aortic pressure (N. H. Pijls et al., 1995; N. H. J. Pijls & Sels,
2012). Thus FFR has a value of 1 for normal person without stenosis. The measurement
of FFR in a clinical setting is carried out by inserting a guide wire in the vicinity of
stenotic area. However, it influences the measured value due to resistance offered by
guide wire. Here comes the advantage of using computational fluid dynamics that can

assess the required FFR without affecting the blood flow behavior.

It is believed that the blood flow behavior has more to offer in terms of
understanding of further thickening of stenosis and to indicate the vulnerable areas for
the formation of fresh stenosis which is difficult to assess with direct measurement
techniques. The detailed study of the gradual narrowing or bulging of the artery will
help in understanding the underlying mechanisms for such unusual behavior (Fung,
1984; Nichols, 1998). It has been found that the fluid mechanical forces due to the
interaction of the blood flow and the arterial wall have a strong influence on the
initiation and progression of narrowing or bulging of the artery (Alberto Figueroa C.,

2006). Clinical observations assisted by imaging techniques such as angiography,



computed tomographic angiogram (CTA), Magnetic resonance angiography (MRA) or
duplex scanning does not provide sufficient and elaborated detailed insight into the
mechanisms of formation and development of stenosis (Bernsdorf & Wang, 2009). The
available imaging techniques today have their own limitations though they are useful for

primary investigation.

These techniques are very useful in understanding the anatomy of various
abnormalities taken place on arteries but fail to give realistic blood flow behavior
specially in terms of secondary variables such as shear stress, gradients and also in
identifying the fluid circulation regions that are crucial to predict the futuristic
development of such abnormalities or in predicting the functional severity of those
abnormalities. Thus an alternate route that of computational fluid dynamics is followed
by many researchers to study the hemodynamic (blood dynamics) characteristics under
various conditions. It is important to note that the CFD is completely noninvasive
technique that can answer many questions related to hemodynamic behavior. The
beauty of CFD lies in answering many what if scenarios arising from questions related
to geometric changes in abnormalities (such as stenosis) or the physical condition that
the patient may come across during the lifetime. It provides a clear picture of
hemodynamic that in conjunction with the imaging techniques can prove to be a great
asset in diagnosis and treatment of coronary artery or any other artery disease. It is
observed from current state of literature in the field of hemodynamic of coronary artery
that there is not enough information available pertaining to specific area stenosis size
such as 70%, 80% and 90%. These area stenosis sizes can be fatal to patients and poses

huge dilemma to clinicians to decide about the treatment process to be adopted.
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1.3 Computational fluid dynamics for blood flow analysis

Computational fluid dynamics (CFD) has emerged as a major tool in analyzing
the fluid flow problems ranging from weather forecast to aerodynamic flow, river flow,
many complex industrial flow problems etc. CFD is a branch of fluid mechanics that
uses numerical methods and algorithms to tackle complex flow problems. CFD has
established itself as one of reliable tool in predicting the complex flow behavior
including the fluid flow in human body. Recent time has witnessed increased use of
computational fluid dynamic to understand the blood flow behavior such as flow in
arteries and veins. The CFD technique allows for the analysis of different clinical
situations. This technique eliminates the complicated and expensive in vivo

measurements enabling quantification of the hemodynamic of healthy and diseased

blood vessels. In many cases CFD has been applied successfully to provide missing data



that cannot be obtained by experimental means such as Wall Shear Stress (WSS)
distribution and many other hemodynamic parameters that has led to improved clinical

decision-making

1.4 Aims and Objectives
In the light of available literature explained in chapter 2, the following

objectives are set to investigate the hemodynamic of coronary artery disease.

1. To investigate the effect of different geometrical shapes of stenosis in

coronary artery on the hemodynamics and diagnostic parameters.

2. To study the influence of angle of curvature in coronary artery on the
hemodynamic parameters such as wall pressure, pressure gradient, velocity

and wall shear stress.

3. To study the effect of stenosis in a realistic patient left coronary artery on the

blood flow behavior.

4. To investigate the effect of different degree of stenosis on hemodynamic

parameters in left coronary artery.

5. To study the influence of multi stenosis on the hemodynamic parameters in

realistic left coronary artery.

1.5 Scope of Study

The current work is focused to investigate the hemodynamic characteristics of
blood flow in a diseased left coronary artery (LCA) using computational fluid

dynamics. The present research work initially started with an idealized computer aided



design model of 3D coronary artery which was subjected to various shapes of stenosis
(Elleptical, Trapezoidal and triangular), as well as the curvature angles (30° 60°, 90° and
120°). Further, the research continues to evaluate the hemodynamic behavior as well as
diagnostic parameters of blood inside a patient specific realistic artery subjected to
various higher degrees of stenosis i.e. 70%, 80% and 90% area stenosis, created in the
main left coronary artery. Further investigation is carried out to judge the effect of
multiple stenosis in various degrees along the sub branches of left coronary artery. A
total of 10 models of multi-stenosis are investigated. The scope of study is limited to

higher degree of area stenosis i.e. 70%, 80% and 90% subjected to hyperemic condition.

1.6 Organization of Thesis

This thesis has been presented in 5 chapters that systematically explain the

objectives of this thesis research. The description of each chapter is as follows:

The first chapter describes a comprehensive background about the physiological
functions, anatomy and diseases of coronary artery. The objectives and scope are also

presented in the introduction chapter.

Chapter 2 provides an extensive background of this study with reviewing

literature of most relevant literature in this field.

In the third chapter governing equation of blood flow in left coronary artery,
with the modeling of realistic coronary artery model by CT scan data and solution

methodology obtained in detail.

Chapter 4 is important part of this thesis describes the detailed investigation of

blood flow in coronary artery with different shapes of stenosis, varying the angle of
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curvature, and various degrees of stenosis were presented. Chapters 5, provides the

conclusion and recommendations for the future works.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The immense research in the field of hemodynamic during the last few decades
shows its importance as evident by extensive amount of research carried out by eminent
researchers. The purpose of this chapter is to provide some of the related information
regarding the research being carried out pertaining to blood flow analysis in various
arteries by different researchers across the world.

Human heart is extremely important organ in the human body that supplies the
blood throughout the body that in turn carries the oxygen and other nutrition vital for
the development and sustenance of human body. Heart is typically made up of four
chambers such as right atrium, left atrium, right ventricle and left ventricle (Myer,
2003).

There are two distinct mode of heart pumping namely systole and diastole. The systole
and diastole takes place with perfect synchronisation for a normal heart. Contraction of
the ventricular myocardium ejects blood into the aorta and pulmonary arteries. The
heart has many valves that regulate the flow in one direction from one chamber to
another and between chambers and arteries. In diastole phase, the arterial contracts that
results into blood being pumped from left and right atrium to the left and right ventricles
whereas in the systolic phase, ventricles contract causing the blood to be pumped from
right ventricle to lungs through pulmonary artery and left ventricle to aorta. During
systole, the blood flows to different organs through aorta. However, flow to coronary
arteries is blocked by aortic valve during systole thus flow to these arties is achieved
during diastole phase of cardiac cycle. The heart itself is comprised of tissues like other
body parts and it too requires blood supply to keep functioning. The interruption of

blood supply to the heart leads to serious consequences leading to death of the person in
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most of the cases. Myocardial infarction which is known as heart failure in layman
terminology is caused by blockages in the coronary arteries and this is major fatal
disease in the world.

Coronary arteries are the main arteries that are responsible to supply blood to heart
muscle (Myer, 2003), There are two main coronary arteries namely left coronary artery
(LCA) and right coronary artery (RCA) that further subdivides into branches as shown
in figure 2.1. The two arteries together envelop the entire heart with left coronary artery

covering larger area and right coronary artery comparatively lesser area of heart.

Coronary arteries and branches
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Figure 2.1: Coronary arteries

The arteries carrying blood from heart are normally straight that results into efficient
transport various organs. However, it is possible that the arteries may become tortuous
leading to vascular disease. Tortuous or twisted arteries and veins are commonly seen in

humans and animals from common angiographic findings (Han, 2012). The
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hemodynamic analysis of flow in the arteries has been a quite involved task due to such
a complex geometry and flow mechanism of heart. There are many Computational fluid
dynamics models being developed over the years to deal with hemodynamic of arteries.
Several finite-element structural models were also developed in order to address the
nonlinearities arising due to material and geometry of valves etc, (D Bluestein & Einav,
1993; Danny Bluestein, Einav, & Hwang, 1994). The following sections further

elaborate the research being dedicated to study the hemodynamic of heart.

2.2 Numerical methods of blood flow in arteries

Numerical study has become an essential part of any research activity covering a
wide range of human knowledge. This is particularly true for the case of scientific
studies that are plagued by too much complexity in geometry involved or the difficult
boundary conditions of complex problems. Hemodynamic is one such field that has
been immensely benefitted by employing the techniques originating from numerical
mathematics. Numerical Study is extensively used in biomechanics in recent years to
have a better understanding of blood flow in the human body due to the intricacy
involved in the vessel geometry as well as the complex hemodynamic mechanism
(Botar et al., 2009; Brosig et al., 2014; Byun & Rhee, 2004; Jhunjhunwala, et al, 2015;
Jung & Hassanein, 2008; Leuprecht, et al. 2002; Lorenzini & Casalena, 2008). Among
the numerical techniques, finite volume method is most popular and adopted technique
for hemodynamic study. These techniques deal with the governing Navier Stokes
equations which are too difficult to solve thus most of the numerical studies being
carried out revolve around the sophisticated software that has helped immensely in
tackling such complex phenomenon. These techniques essentially require that the actual
domain be divided into a number of smaller segments generally known as elements. The

governing equations are applied to these small segment of the whole domain and the
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continuous solution is obtained over entire set of elements that provide continuity at the
nodal points. These numerical techniques are well coded into a number of software
tools. Among the available software, it can be concluded that the most popular are
ANSYS CFX (Alishahi, et al. 2011; Chaichana, et al., 2011, 2013a, 2014; George et al.,
2008; Toloui, et al. 2012) and Fluent (Andersson, et al., 2000; Botar et al., 2009; Byun
& Rhee, 2004; Keshavarz-Motamed & Kadem, 2011; Li, Beech-Brandt, et al., 2007;
Paul & Larman, 2009; Sinha Roy, et al., 2006; Soulis, et al., 2006; Su et al., 2014;
Zhang et al., 2012). Apart from the CFX and Fluent, there are other codes such as
Comsol Multi-physics (Lorenzini & Casalena, 2008). Few researchers have developed
simplified mathematical models to address a specific issue of blood flow in the artery.
For instance a mathematical model is developed by Ai and Vafai (Ai & Vafai, 2006)
that low-density lipoproteins (LDL), in the blood stream and in the arterial walls by
making use of coupled analysis of the transport of macromolecules, This was made
possible by using the advection—diffusion equations of porous media to model the
species field in the arterial wall layers. The model is used to simulate the LDL transport
in a stenosed artery with various area reductions and stenosis numbers. It is claimed that
the above model has advantage of reliable results. There are other efforts also to
evaluate the blood flow in artery such as that of Ikbal (Ikbal, 2012) to develop a two-
dimensional mathematical model of viscoelastic fluid characterised by generalised
Oldroyd-B fluid. Mustapha et al. (Mustapha, Mandal, Johnston, & Amin, 2010)
developed a mathematical model of blood flow through an arterial segment with a
couple of stenosis having surface irregularities. The governing equations of motion were

solved by MAC (Marker and Cell) method.

2.2.1 Anatomy of arteries
The human vessels are too complex when it comes to analysing the geometrical

aspect. Though the vessels are nearly cylindrical in geometry but, processes a huge web
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of tiny cylindrical passages that allows the blood to flow efficiently to all required
regions. In general, the main coronary arteries of heart have a diameter of roughly 1.5 to
4.5 mm (Zeev Vlodaver 2012). The normal arterial wall consists of endothelium, intima,
internal elastic lamina (IEL), media and adventitia (Ai & Vafai, 2006) as shown in
figure 2.2 . It is believed that the permeability of endothelium wall increases with

deposition of cholesterol due to the damaged or inflamed arterial wall.
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Figure 2.2: Cross section of blood vessel wall (Ai & Vafai, 2006)

The coronary arteries are main arteries that supply blood to heart. The amount of
blood to be supplied is basically dictated by human activities that in turn lead the heart
to pump higher or reduced flow rate because of oxygen requirement to supply adequate
energy to heart muscles to function accordingly. Major portion of blood to heart is
supplied by left coronary artery which encompasses larger area of heart and the rest is
supplied by right coronary artery. The blood supply to heart is accordingly divided by
left and right coronary artery. The left lateral portion of the left ventricle and the

anterior (front) portion of the ventricular septum receive blood from the Left coronary
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artery. Whereas the right ventricle, the posterior wall of the left ventricle and posterior
third of the septum is supplied by right coronary artery (Ramanathan & Skinner, 2005).
The blood flow to heart muscles get hindered due to reducing of artery flow area caused
by deposition of undesirable material thus forming a block or stenosis (Ahmed, 1998;
Chaichana, et al., 2012; Chaichana et al., 2013a, 2014; Chakravarty & Mandal, 2000; Liu,
2007; Long, Xu, et al., 2001; Melih Guleren, 2013; Mustapha et al., 2010; Zeev Vlodaver
2012). The human heart has an alternate flow mechanism known as collateral flow. The
collateral flow is a bypass flow that helps the heart to get blood when main arteries are
plagued by the presence of stenosis. (Christian Seiler, 2003). The presence of myocardial
ischemia stimulates the coronary collateral flow (Takeshita, et al., 1982). The stimulus is
result of low pressure at distal of stenosis. It has been established that the collateral flow is
directly related to the severity of blockage i.e. when blockage area increases the collateral
flow also increases to substitute itself as an alternate blood flow supplier. Thus the

collateral flow rate is a good indicator of Coronary artery disease ( Seiler, et al., 2013).
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Figure 2.3: Collateral flow (Koerselman, van der Graaf, de Jaegere, & Grobbee, 2003)
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Assessment of Stenosis:
Coronary angiography and CCTA

The presence of stenosis in coronary artery or any other vessel can be assessed
using various techniques. Coronary angiography is a radiological study and the most
common technique used to study coronary artery disease. Angiography is supposed to
be a minimal invasive method that is commonly employed by physicians to test and
diagnose to treat medical conditions. It provides a 2D image representation of the 3D
vascular lumen of the arterial wall. Angiography uses one of three imaging technologies
such as X-rays with catheters, Computed tomography (CT), Magnetic resonance
imaging (MRI). In catheter angiography, a catheter which is a thin plastic tube, is
inserted into an artery through a small incision in the skin. Once the catheter is guided
to the area to be examined, a contrast material such as lodixanol, lohexol etc. is injected
through the tube that highlights the interested vessels during imaging using X-rays.
There are few limitation of this technique such as it cannot provide the functional or
physiological significance of lesion especially those of intermediate stenosis whose
diameter is between 45% - 70% with normal artery (Meijboom et al., 2008; Tobis, et al.,
2007). Therefore, this is still a gray area for assessment of an intermediate coronary

artery stenosis severity for cardiologists (Tobis et al., 2007).
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Figure 2.4: Coronary angiography (http://coronary-angiography.purzuit.com/)

The abnormal change in the anatomy of arteries medically termed as lesions or
stenosis can have differing geometries and possibly they can be eccentric in nature
having maximum and minimum diameters. These two diameters can differ significantly.
On top of eccentricity, the artery may possess multiple stenosis that makes it extremely
difficult to assess the severity of the stenosis, Further, the techniques solely relies on
visual images obtained through imaging techniques, there is greater chance that the
coronary angiogram techniques overestimate or underestimate the severity of the
stenosis.

The 64-slice cardiac computed tomography angiography, commonly termed as
CCTA has the ability to acquire the images of the complete coronary artery tree as
shown in figure 2.5. The CCTA requires further processing after getting the images
where Quantitative coronary angiography (QCA) is performed to assess the anatomical
significance of the stenosis (Kristensen et al., 2010; van Werkhoven et al., 2009). The
assessment of severity in QCA takes into account various parameters such as percent

Area stenosis (AS), lesion length and percent diameter.
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Figure 2.5: Three dimensional and curved multi-planar reconstruction of the left
anterior descending artery (A, B). Vessel analysis using the plaque tool in a longitudinal
plane (C) and transverse sections (Kristensen et al., 2010)

Intravascular ultrasound (IVVUS)

Intravascular ultrasound (IVUS) is another important tool used to diagnose the
coronary disease. Intravascular ultrasound (IVUS) is a medical imaging methodology
that exploits the principal of sound for viewing the inner walls of the artery. It uses a
specially designed catheter having a small ultrasound probe attached to the end of the
catheter. Another end of the catheter is attached to computerized ultrasound equipment.
It makes use of the piezoelectric transducer or CMUT to produce ultrasound that travels
to the area of interest and reflects back depending upon the material it encounters. The
reflected sound is used to construct the image. This technique has enhanced the
understanding atherosclerotic (a disease of the arteries characterized by the deposition
of fatty material on their inner walls) process to great extent. It allows the cross-
sectional anatomical imaging to be obtained. Since the IVUS offers greater sensitivity in
terms of diagnosing the disease, it is widely used as a standard method for identifying
anatomical atherosclerosis in vivo (Nissen & Gurley, 1991; Nissen & Yock, 2001).
Even though these techniques have helped to view and understand the atherosclerotic

process to large extent but still they poses few limitations such
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e Inability to insert the catheter into the regions of excessively lengthy and
complex vessels, calcified, non-calcified, fibrous stenosis, and in remarkably
small arteries.

e Non-uniform rotational distortion (NURD) with mechanical IVUS transducers
and the distortion of the cross-sectional image if the IVUS catheter image plane

is not perpendicular to the long axis of the vessel (Tobis et al., 2007).

2.2.2 Flow across Stenosis

Coronary artery disease (CAD) is the end result of the accumulation of non-
obstructive vulnerable coronary atherosclerotic plaques in the walls of the coronary
arteries. CAD is the leading cause of death in the world. CAD presents as a myocardial
infarction (MI) or sudden cardiac death in ~50% of individuals with the pathology
(branch of medicine that deals with the laboratory examination of samples of body
tissue for diagnostic or forensic purposes). The stenosis formation is caused by
deposition of fat or calcified material on the inner lining on the artery. These deposition
leads to narrowing of artery which is termed as stenosis. The stenosis formed out of this
process can generally have elliptic shape but it can have some other shapes as well. It is
reported by Mustapha et al. that the pressure drop across the cosine stenosis was more
than that of the irregular ones
(Mustapha et al.,, 2010). Lorenzini & Casalena (Lorenzini & Casalena, 2008)
investigated the effect of plague shape, dimension and locations of stenosis on the blood
flow in cylindrical artery. It was established through 35 different cases that the shape
and height of stenosis affects the disturbance lengths and peak velocities, whereas re-
circulations are strongly influenced by the stenotic slope. The pressure drop is one of
the vital parameter that can indicate the health of artery or severity of stenosis.

Generally, the pressure drops due to blockage formed because of resistance offered to
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blood flow due to stenosis. This is true for all types of vessels whether coronary or any
other artery such as renel artery etc. ( Kagadis et al., 2008).

The pressure drop of eccentric stenosis could be higher than that of concentric
stenosis (Melih Guleren, 2013). According to Melih Guleren, the pressure drop for
eccentric was found to be 17% as opposed to 9% of concentric 75% occlusion (the
blockage or closing of a blood vessel). An asymmetric shape and surface could produce
different effect as compared to symmetric stenosis. It is seen that for stenosis in artery
of 40% area occlusion, at low Reynolds number the flow resistance is practically
unaffected by surface irregularities. Whereas an increase in pressure drop of 10% was
observed for smooth stenosis for higher Reynolds number (Andersson et al., 2000). The
shape of stenosis plays a vital role in determining the pressure and flow characteristics.
The disturbance in length and peak velocities is mainly affected by shape and height of
stenosis (Lorenzini & Casalena, 2008). It is also reported that the trapezium plaques
shape geometries are the most sever pathologies as they favour higher stain and further
more chances of depositions on the walls of artery.

Zhang et al. (Zhang et al., 2012) investigated the 3D sinusoidal pulsatile blood
flow through the models of internal carotid artery with different geometries by
computational simulation. They found low and high oscillatory wall shear stress in three
preferred areas in carotid artery. They concluded that the curvature and planarity of
blood vessel plays a significant role in the flow pattern in internal carotid artery siphon.
The rheological properties of blood also affect the flow pattern significantly (Tu &
Deville, 1996). It is believed that the pulsatile and harmonic flow produces similar flow
behaviour which was demonstrated by considering these two flow types for same
volume stroke (Zendehbudi & Moayeri, 1999) for stenosed artery of 61% area
reduction. The pulsatile blood flow in coronary arteries is reported by few other authors

as well using the non-Newtonian and Newtonian model (Johnston, et al., 2006). Their
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study showed that the non-Newtonian model is more appropriate than the Newtonian
model to study the blood flow in detail. The non-Newtonian flow model is quite
popular in studying the blood flow behaviour. The effect of non-Newtonian property of
blood flow through stenosed artery (Ishikawa, et al., 1998) revealed that at high Stokes
and Reynolds numbers, strength of vortex at downstream of stenosis was reduced by the
property of non-Newtonian blood provided that the flow is stagnant. Ikbal (Ikbal, 2012)
defined a mathematical model of Non-Newtonian blood flow through stenotic artery
under unsteady conditions. A numerical study of Newtonian and six non-Newtonian
viscosity models for 30% and 60% stenosis carotid artery (Razavi, et al., 2011) under
transient condition showed some variations in results. It was reported that the velocity
and wall shear stress for power-law model has more deviation than the other models.
The area reduction of stenosis is quite difficult to judge thus different authors have
considered even irregular area reduction. One such example is observed in the study of
Manimaran (Manimaran, 2011) who studied Non-Newtonian blood flow in arterial
stenosis of 48% area occlusion to investigate the surface irregularities of stenosis. It was
noticed that at low Reynolds number the pressure drop across the stenosis was
unaffected by surface irregularities. There have been efforts to develop an analytical
expression for skin-friction and flow resistance using a non-Newtonian blood flow
model through a stenosed artery (Misra & Shit, 2006). It is found that the maximum
value of skin friction and flow resistance was observed at the throat of the stenosis and
minimum at the end of the stenosis. It was also noticed that increase in the stenosis
height increases the skin friction and flow resistance. The heat and mass transfer along
with Sherwood number is also a function stenosis shape as suggested in a

non-Newtonian blood flow through different shapes of stenotic arteries (Chakravarty &
Mandal, 2009). It is found that the flow pattern, heat and mass transfer, wall shear stress

and Sherwood number strongly depends on the shape of stenosis. Maximum Sherwood
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number and the high shear stress was observed at the throat of the stenosis, and the
formation of several recirculation zones are observed that may further develop the
disease in the downstream vicinity from the stenosis. There are few other parameters
such as bifurcations in the artery, the curvature, magnetic field etc. which have profound
effect on flow characteristics. Across bifurcations in regions opposite the flow dividers,
a low wall shear stress was observed (Soulis et al., 2006). These sites are anatomically
predisposed for atherosclerotic development. A rang of 0.75 to 2.25 N/m? low wall
shear stress was found on the left main coronary artery bifurcation opposite to the flow
divider. Three dimensional diseased and normal left anterior descending (LAD) arterial
tree of porcine was modelled by Su et al. (Su et al., 2014) to investigate the effect of
stenosis on the blood flow and haemodynamic parameters. The anatomical model was
extracted from computed topography of heart of the porcine. The results show that more
than 75% area reduction stenosis affect the pressure drop and total flow rate in

bifurcation and branched arteries.

The flow pattern gets modified by the presence of magnetic field and increases
the heat transfer rate as seen in a mathematical model of multi stenosis subjected to
static magnetic field (Tashtoush & Magableh, 2008). It’s further revealed that thermal
boundary layer thickness and temperature gradient was increased by magnetic field
torque. The secondary flow pattern gets significantly affected by the presence of non-
uniform magnetic field (Kenjeres, 2008). The flow separation zone occurs mostly
towards the downstream of the irregular shape multi-stenosis subjected to magnetic

field (Mustapha, et al., 2009).

The spiral flows too have influence on flow characteristics. The effect of spiral

blood flow in a 3 dimensional stenosed artery model with 75% area reduction was
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investigated by Paul & Larman (Paul & Larman, 2009). They found that an increase in
both the total pressure and velocity of the blood due to spiral flow for Re=500. A
significant difference was also observed between the wall shear stress of spiral and non-
spiral flows downstream of stenosis. The most effect of spiral flow was on the
tangential component of the velocity which increases with the increase in spiral flow

speed.

A numerical study was conducted to study the effect of rotation on blood flow with
different angular velocities by Sung et al. (Sung, Ro, & Ryou, 2009). The Non-
Newtonian Carreau model was used to represent the flow of blood, and pulsatile
velocity profile was employed at the inlet. The results show that flow recirculation zone
contracts and its duration was decreased as compared to the no rotation case. And also

wall shear stress of no rotation case was twice smaller for the than that of rotation case.

2.3 Blood flow analysis in tapered arteries

Some of the arteries could be considered as tapered in geometry that further
complicates the blood flow behaviour. It is observed that the velocities through the
converging tapered artery are less than those in the non-tapered artery under stenotic
conditions and the diverging tapered artery (Nadeem, et al., 2011). It is further noticed
that with an increase in the height and shape of stenosis velocity decreases while
increases with increases in tapering. A mathematical model of non-Newtonian blood
flow in tapered artery was developed by Ismail et al. (Ismail, et al., 2008) The effect of
tapering due to pulsatile nature of blood was studied by using the generalised power law
model. The governing equation of motion was solved by the finite difference scheme.
They found a lower values for the axial velocity profile, flow rate and wall shear stress

for tapering of artery while higher value for resistive impedances than Newtonian
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model. Similarly, Chakravarty & Mandal (Chakravarty & Mandal, 2000) developed a
two dimensional mathematical model of blood flow in presence of overlapping stenosis
in tapered arteries. The nonlinear term such as tapering angle was accounted in the
Navier-Stokes governing equation of blood flow. Their analytical model calculated the
axial and radial velocity profile with a low computational complexity. The irregular
stenosis of arterial segment was analytically studied by Chakravarty & Mandal
(Chakravarty & Mandal, 2005) and Kumar Mandal (Kumar et al., 2007) in other
studies. The results obtained for smooth shape stenosis and cosine shape stenosis
models shows well agreement with the existing literature. The Non-Newtonian blood
flow through tapered arteries with stenosis was numerically studied by Mandal (Mandal,
2005). The flow of blood was characterised by generalised power law model. The
Unsteady non-linear governing Navier-Stokes equation for flow was solved by finite
difference scheme. The analytical model evaluated the rate of flow, resistance
impedance and wall shear stress. The model is also employed to investigate the effect of

tapering and wall deformation, severity of stenosis with fixed length.

2.4 Blood flow analysis in curved arteries

It is well known that the flow through curve sections offers more resistance to
flow than the straight flow sections. The artery wall curvature substantiates the flow
resistance in that complicates the flow behaviour already affected by stenotic blockage.
The radius of curvature at a given point defines the degree to which the vessel deviates
from being straight. Thus, vessels with smaller radius of curvature (or larger curvature)
bend more sharply. It is noted that the blood while flowing across curved section forms
low velocity zones due to obstructions offered by curvature. Thus these areas are more
prone to formation of additional thrombus, stenosis and aneurysm, atherosclerosis as

well as other vascular diseases in curved arteries such as aortic arch, coronary artery and
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cerebral artery, though, from a macroscopic perspective, these vessels differ from each
other in dimension and shape (Calfon, et al., 2010; Huang, et al., 2010; Jou, et al., 2010;
Naruse & Tanishita, 1996; Shipkowitz, et al., 2000; Stroud, et al., 2000).The curvature
further decreases the pressure at the site of stenosis for a given stenosis severity. Hence
it is highly desirable to study the influence of artery wall curvature on the coronary
diagnostic parameter FFR, and CDP and LFC for a given stenosis severity from straight
artery to curved artery and identify a region of misdiagnosis when assessing the
anatomical significance of stenosis severity using FFR as a standard parameter. There is
some notable work in the area of artery curve such as Liu (Liu, 2007) who studied the
pulsatile blood flow pattern in the curved artery with stenosis by computational
simulation. The effect of stenosis on the haemodynamic parameters, such as flow
separation, wall shear stress and pressure drop was calculated. He found drastic changes
in the flow pattern of downstream region as the severity of stenosis reaches to a certain
level. He also reported the flow separation area and also observed area of low and
oscillating wall shear stress and blood pressure at the outer wall in downstream of the
artery. Leguy et al. (Leguy, et al., 2009) investigated the influence of curvature on the
velocity profile by computational fluid dynamics. Poiseuille, Womersley and cosine 6
model was used to compare and calculate the blood volume flow. They found that for
radius of curvature of 50 and 100mm the time average blood volume flow was under
estimated by maximally 10.4% and 7.8% respectively for Poisuille and Womersley.
They concluded that velocity wave form at the position of the maximum rather than the
centre stream velocity wave form combined with the Womersley method should be

chosen.

The presence of catheter in curved artery seems to introduce additional errors in the

estimation of functional severity of stenosis. Krams et al. (Krams et al., 1999) carried
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out computational fluid dynamic study in a curved tube resembling coronary artery to
analyse the influence of the catheter placement inside a tube on the 3D velocity profile
by. They observed a redistribution of 3D axial velocity field away from the catheter and
also found increase in peak axial velocity, shear stress, and axial pressure drop, decrease
in peak secondary velocities. They concluded the presence of catheter in curved tube

significantly changes the velocity field and reduces the secondary patterns.

Keshavarz-Motamed & Kadem (Keshavarz-Motamed & Kadem, 2011)
developed a simplified model of aortic stenosis with coexisting coarctation of the aorta
to investigate the pulsatile blood flow. The model consisted of three severities of aortic
stenosis. The results demonstrated that a significant impact on the flow in curved pipe in
terms of secondary flow pattern, wall shear stress and pressure drop due to the
coexistence of both the pathological conditions and also appeared that presence of aortic
stenosis can lead to the overestimation of the severity of coarctation of the aorta. Wang
& Li (Wang & Li, 2011) presented a biomechanical behaviour of curved artery with
flexible wall was subjected to physiological conditions. They studied the effect of artery
curvature, flexibility on peak wall Von Mises stress, and distribution pattern in detailed.
They concluded from the findings that may provide the important individualized
treatment for patient with cardiovascular disease. Qiao et al. (Qiao, et al., 2004)
numerical studied the pulsatile blood flow in a S-shaped curved arteries with different
diameter. The finite element method was used to analyse the haemodynamic parameters
such as secondary flow, wall shear stress and pressure in the arteries. The results
represented more complex secondary flow in the large S-shaped curved artery than that
of the small diameter artery. They also observed the haemodynamic variables causes
most important effects on the arterial endothelium in the region, which leads to the

development of the cardiovascular diseases such as atherosclerosis.
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2.5 Blood flow analysis in bifurcation arteries

The arteries are designed so elegantly that they make branches at various
locations to move into various sections of the body in order to supply the blood. The
bifurcation of artery is other important geometrical parameter that has influence on the
blood flow behavior. A bifurcation lesion is a coronary artery narrowing that may occur
adjacent to, and/or involving the origin of a significant side branch. There are studies
that have established a correlation between plaque formation and the angulation of
coronary bifurcation (Sun & Cao, 2011). There are many procedures that are followed
to treat bifurcation lesions (Lefévre et al., 2000; Yamashita et al., 2000), however no
clear information about which side branch lesion to be treated first after stenting the
main branch lesion. It is believed that the angiographic evaluation of the functional
significance of the stenosis severity in side branch lesions overestimate the functional
significance of the lesion and FFR may be useful in treating bifurcation lesions and it
is both safe and feasible (Koo et al., 2005). Different aspects of blood using various
models have been reported. For instance, a 3 dimensional rigid wall and deformable-
wall models are developed to simulate the arterial rigidity on wall shear stress by Toloui
et al. (Toloui et al., 2012). They studied the influence of blood on two different
rheological models (Newtonian and Carreau—Yasuda). They concluded that wall shear
stress distribution was greatly affected by the blood rheological model. Chen & Lu
(Chen & Lu, 2004) demonstrated the influence of Non- Newtonian property and plane
curvature in non-planar daughter vessel on the wall shear stress and flow phenomena.
The finite element method was used to solve the Navier-Stokes flow equations in three
dimensions. They observed the skewing of velocity profile towards outer wall creating

the low wall shear stress at the inner wall and found that the velocity profile shifts
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towards the flow divider in the downstream of bifurcation. In a further study by Chen &
Lu (Chen & Lu, 2006), the pulsatile nature of blood was accounted to investigate the
effect of Non- Newtonian property and plane curvature in non-planar daughter vessel in
bifurcating model. Their result shows a flattened velocity profile due to shear thinning
behaviour because of the Non Newtonian property of the fluid. Also found significant

differences between Newtonian and Non-Newtonian flow during the cycle.

Chaichana et al. (Chaichana et al., 2011) investigated the influence of angulation
of left coronary artery on the hemodynamic based on the simulated and realistic arteries
models. They developed twelve models consisting eight simulated and four realistic
models of coronary having left anterior descending and left circumflex branches. They
evaluated wall shear stress, velocity and wall pressure in simulated and realistic models.
Their results show the disturbed flow pattern in the models with the wider angulation
during the cardiac cycle. In the left bifurcation with wide angle low wall shear stress
gradient was observed. Similarly, the influence of blood viscosity in a small calibre
bifurcated artery on the hemodynamic parameters was numerically investigated by
Kanaris et al. (Kanaris, et al., 2012). The Casson model was used to calculate the
viscosity of blood. Their results demonstrated that as the viscosity increases the heart
also must increase the pumping power to keep output unchanged. The lower value of

wall shear stress was observed at the outer wall of the bifurcation.

The numerical investigation of blood flow dynamics through stenosed of subject
specified carotid bifurcation model was studied by Lee et al. (Lee, et al., 2008). The
spectral element method was used to simulate under the pulsatile inlet based on in-vivo
condition. Their results demonstrated the rapid fluctuation in the velocity and pressure

pattern in the transitional state in the post stenotic region of carotid artery. They also
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observed a high instantaneous wall shear stress within the stenosis during the systolic
compared to health carotid artery. They suggested that complex flow, turbulence and
biomechanical stresses could be predicted by this study. Alishahi et al. (Alishahi, M. et
al., 2011) developed a real model of stenosed abdominal aorta and iliac arteries to
evaluate the pulsatile flow and arterial wall behaviour. The models were developed by
extracting the data from CT scan images and simulated the flow and tissue interactions
are performed. Their results show maximum wall shear stress across the bifurcation
where the risk of particle deposition is more, also observed that pressure drop was lower

by 15% for the flexible model, as compared to rigid and complaint model.

2.6 Experimental studies on blood flow in arteries

There have been efforts to evaluate the blood flow behaviour using experimental
means to judge the functional significance of various flow characteristics. Some of the
studies that relied on experimental setup are those of (Ahmed, 1998; Ha & Lee, 2014; &
Schroder, et al. 2012) etc. An experimental study to investigate the blood flow
disturbance in downstream region of modelled stenosed rigid artery was conducted by
Ahmed (Ahmed, 1998). The velocity data for 25% 50% and 70% area reduction were
obtained from ensemble averaging techniques (phase-locked waveform). The results
indicated that the flow disturbances could be used as a powerful diagnosing tool in early
identify the cardio vascular diseases. Ha & Lee (Ha & Lee, 2014) investigated the effect
of spiral blood flow in axisymmetric stenosis model using particle image velocimetry
velocity field measurement technique and streak line flow visualization. The swirling
effect was achieved through two different helical pitches (10D and 10/3D) which have
been mounted before the stenosis. Their result shows that the length of recirculation
flow was reduced by spiral flow and also provokes the early break out of turbulent

intensity. They suggested that the effect of spiral flow would contribute to better

31



understanding of the haemodynamic and diagnosis procedures for clinical treatments.
The effect of vessel elasticity on the flow was experimentally studied by Pielhop et al.
(Pielhop et al., 2012) using time-resolved image velocimetry combined with the
simultaneous evaluation of static pressure in elastic transparent vessel with the pulsatile
flow. They found an oscillation wall shear stress distribution in the region of plaque-
prone which induces the phenotype endothelial cells that supports the progression of

atherothrombotic lesion in downstream of the throat region.

The influence of downstream collaterals on the different diagnostic parameters
was experimentally studied by Peelukhana et al. (Peelukhana, Back, & Banerjee, 2009).
The FFR, CDP and LFC were evaluated for the different degree of stenosis and tested
for possible misinterpretation in the severity of stenosis for variable collateral flow.
Their result shows FFR and LFC increased from 0.74 to 0.77 and 0.58 to 0.62
respectively for the case of intermediate stenosis. CDP decreased from 47 to 42 for no
collateral to fully collateral flow. They suggested the variability in the diagnostic

parameters leads to the underestimation of stenosis severity.

2.7 Diagnostic parameters and their effects on hemodynamic
2.7.1 Fractional flow reserve (FFR)

The fractional flow reserve (FFR) is defined as the ratio of maximum blood flow
in a stenotic artery to maximum blood flow if the same artery was normal (Park et al.,

2012; N. H. Pijls et al., 1995).

FFR =20~ P (2.1)

~ ~

pa_pv

where 53 is the time averaged aortic pressure (mmHg), 5d is the time averaged distal
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stenotic pressure (mmHg) measured at the end of pressure recovery (Konala, Das, &

Banerjee, 2011) and ﬁv is the venous pressure which is assumed to be 0 mmHog.

Stenosed artery

P,=Proximal pressure
3 Fy=Distal Pressure

F

P=Throat pressure
_ ————— FFR=R,/F,

Figure 2.6: Simplified schematic representation of stenosis geometry. P, and Py are
measured by guiding the catheter attached with a pressure sensor

2.7.2 Pressure drop coefficient (CDP)

At hyperemia, CDP is a dimensionless functional parameter derived from fluid
dynamics principles by considering time averaged pressure drop ( Ap ) and the velocity
proximal to the stenosis (Peelukhana et al., 2009; Siebes, Chamuleau, Meuwissen, Piek,
& Spaan, 2002).

Ap
0.5pU

CDP = (2.2)

Where Aﬁ = (53 - ﬁd) (N/m?) and Ua is the proximal velocity (m/s). CDP associates

both viscous loss and loss due to momentum change in the flow across the stenosis.

2.7.3 Lesion flow coefficient (LFC)
Konala et al. (Konala et al., 2011) developed normalized and dimensionless
functional diagnostic parameter lesion flow coefficient (LFC) by considering the

functional endpoints and the geometric parameters. The LFC ranges from 0 to 1 and it is
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the ratio of percentage AS and the square root of CDP evaluated at the site of the

stenosis.

__percentage AS
JAB/05pUZ

LFC

(2.3)
Where U(a_h) is the velocity at the site of the stenosis (m/s)

Many of the clinical studies show that a FFR value of < 0.75 identifies ischemia-causing
coronary stenosis with an accuracy of 90% FFR is clinically well proven diagnostic
parameter (Pijls et al., 1995; Pijls & Sels, 2012). In the presence of stenosis, a cut-off
value of FFR <0.75 is almost able to induce myocardial ischemia, whereas FFR > 0.8
never associated with exercise-induced ischemia in a single vessel coronary artery
disease (CAD) as evident from the numerous clinical trials (De Bruyne et al., 2012; Pijls
et al., 1995; Pijls et al., 2010; Tonino et al., 2009) which indicates that the grey zone for
FFR is between 0.75 and 0.80 (Park et al., 2012) that falls under the intermediate area

stenosis.

The coronary diagnostic parameters FFR, CFR, and CDP were experimentally
investigated by Goswami et al. (Goswami, et al., 2013) for the variation with diameters
and vascular conditions with guide wire inserted into the coronary artery. The
diagnostic parameters calculated for mild (64% area reduction), intermediate (80% area
reduction) and sever (90% area reduction) for 2.5 mm and 3mm diameter arteries. They
observed that for the case of mild and intermediate stenosis arterial diameter does not
effect on FFR but varies for sever condition. And also found a variation in the CDP for
the various diameters of arteries. They suggested CDP holds good for functional
assessment of stenosis severity in clinical setting. The effect of lesion length on the

hemodynamics and the diagnostic parameters was presented by brosh et al. (Brosh, et
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al., 2005) for a given percentage area stenosis severity. They performed quantitative
coronary angiography in 63 patients having intermediate lesions by pressure guidewire.
The results demonstrated that the lesion length has significant impact on the

physiological significance of intermediate coronary lesions.

The influence of arterial wall —stenosis compliance had been studied in detail by
konala et al. (Konala et al., 2011). The blood was modelled as non-Newtonian fluid
using Carreau model. Their result showed that for a given stenosis geometry, the
hyperemic pressure drop across the stenosis decreases as the wall compliance increases
and hence the current clinical diagnostic parameter FFR increases. This increment in
FFR leads the clinician to misdiagnose the severity of the stenosis and postponement of
the coronary interventional procedure, especially for the intermediate stenosis severity.
The misdiagnose region was found between 78.7%- 82.7% AS. Further, the CDP and
LFC also affected which confirms that the arterial wall-stenosis compliance might lead

to misinterpretation of stenosis severity.

2.8 Effect of guidewire on haemodynamic

The investigation of effect of catheters of various diameters on the blood flow in
180°C curved artery was numerically simulated by Torri et al. (Torii et al., 2007). The
commercially available software CFX10 was used to simulate the blood flow. They
observed an increase in pressure by 1.3-4.3mmHg depending on the diameter of the
guide wire and causes reduced pressure-velocity phase lag. The under estimation of 15-
21% of velocity measurement was also observed due to the catheter depending on its
diameters. The investigation of effect of guide wire size and stenosis dimensions are
analytically presented by Rajabi-Jaghargh et al. (Rajabi-Jaghargh, et al., 2011). The

three percentage of area reduction corresponding to moderate (64%), intermediate
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(80%) and severe (90%) was considered to analyse the pressure drop. They observed
that increase in the throat length increases only the viscous loss for a given percentage
of area reduction. The increase in both loss momentum change and viscous loss was

found due to the increase in severity of stenosis and guide wire insertion.

A mathematical analysis was performed to investigate the effect of catheterized
curved artery with stenosis on the various physiological flow characteristics by Dash et
al. (Dash, et al., 1999) using double series of perturbation in small arteries with stenosis.
The results show that flow characteristics vary a markedly, and a considerable increase
in the magnitude of pressure drop, impedance and wall shear stress was observed due to
the increase in the catheter size. The combined effect of stenosis and curvature on the
flow characteristics are also performed and found that effect of stenosis is more severe
than that of the curvature of artery. The study of hemodynamic conditions due to
insertion of guide wire was investigated by Sinha Roy et al. (Sinha Roy et al., 2006) to
determine the mean pressure drop and distal mean coronary pressure which was used to
estimate the uncertainty in diagnosis of moderate lesion. They found mean pressure
drop 72mmHg as compared to 75SmmHg under patho-physiological conditions without
guide wire during hyperemia. The guide wire surface shear stress was 35-50% as

compared to the value of wall shear stress for the transient and steady flow.

2.9 Effect of stenosis in realistic coronary arteries

The effect of plagues on hemodynamics in left coronary artery model is
simulated by Chaichana et al. (Chaichana et al., 2012). The simulation was carried out
to compare wall shear stress for Newtonian and non Newtonian fluid models. The
pressure gradient and flow velocity was calculated and compared in models with and

without stenosis. They found that high pressure gradient exists at the stenosis and low
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velocity at the post stenosis. They also observed that wall shear stress at the stenosis is
similar for the Newtonian and non Newtonian fluid models. In another study the authors
studied the hemodynamic effect of various types of plaque configuration in left
coronary artery (Chaichana et al., 2013a). They calculated velocity, wall shear stress
and pressure gradient for the plaque configurations. They found a highest velocity and
pressure gradient in a type of plaque configuration which involves the plaque position in
all the three left coronary branches. The authors further investigated the effect of
stenosis in four suspected coronary artery disease patients (Chaichana, Sun, & Jewkes,
2013Db). They observed recirculation regions at post stenosis location and an increase in
wall shear stress at the stenosis for all the four patients. The investigation of plaque
located in left coronary artery and effect on wall shear stress (WSS) and wall pressure
stress gradient (WPSG) was simulated by computational fluid dynamics (Chaichana et
al., 2014). Their result demonstrates that the WSS decreases while the WPSG increases

due to presence of plaque in left coronary side branches.

2.10 Critical literature review

It is understood clearly from the literature that there is a substantial amount of
research work been carried out on hemodynamic by various researcher across the world.
The researchers have considered the idealistic models of coronary artery, as well as
geometrical models which have been extracted from the real image data. Many
researchers have considered the multi-physics fluid as well as wall deformation to
simulate the fluid structure interaction in different arterial models. It is noted that there
is not much of work particularly focusing on the shapes of stenosis in arteries since the
stenosis formed does not have particular shapes. Hence it is highly desirable to
investigate the effects of shapes of stenosis on hemodynamics and hence the diagnostic

parameters. There is not much investigation on the effect of angle of downstream
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curvatures in arteries which also influences the flow pattern, wall shear stress and
pressure drop in presence of stenosis. It is also observed that a limited amount of work
has been carried out on the realistic left coronary arties with the various degree of
stenosis in different position. Since it is imported to know the flow behaviour when the
stenosis present at different location. Hence it is highly desirable to investigate the
effect of different degree of stenosis on the hemodynamic, present at various locations.
It is noted that there is scarcity of literature on flow behaviour when multiple stenosis
exists on various locations across the coronary arteries. This particular issue need to be
addressed since it has been seen that multiple stenosis occurs in many patients. Thus,
current study is focussed on all those above mentioned areas to get to know the blood

flow behaviour to assist in diagnosis of patients suffering from coronary diseases.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

This chapter has been divided into two sections. The first section describes with
the governing equation of fluid flow in computational fluid dynamics (CFD) domain.
Moreover, the assumptions made in CFD analysis of simple ideal as well as patient
specific models of coronary artery are discussed. In the second section methodology
adopted is presented for modeling the 3D real coronary artery such as normal and
disease coronary artery. The meshing and numerical setup for CFD is also given for the

ideal and patients specific coronary artery models.

3.2 Governing equations

In this section, the governing equations for computational fluid dynamics
analysis is provided with detailed information. Commercially available finite volume
software ANSYS CFX 14.5 is used in the current study for the computational fluid
dynamics (CFD) simulation. The computational domain is subdivided into large number
of control volumes to be applicable for finite volume method. The conservation
equation applicable in the form of control volume integration as a starting point is given

as in equation 3.1.

5 i oy 5

Ccv
This equation consists of various transport process such as the rate of change and

convective term on the left side of the equation and diffusion term and source terms on
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the right side of the equation. By applying Gauss’s divergence theorem, volume integral

of the convective and diffusive terms are rewritten as

Idiv(a)dv = J'n.adA (3.2)

N.a is the component of vector a in the direction of the vector n normal to surface

element dA. The equation (3.1) can be written as

%[jp¢va+_[n.(p¢u)dA:jn.(l“grad @) dA+ IS¢dv (3.3)

Ccv A A cv

It is common practice to set up control volumes near the edge of the domain in such a
way that the physical boundaries coincide with the control volume boundaries (Versteeg

& Malalasekera, 2007).

3.3 Equation for computational blood flow model

The basic equations of computational fluid dynamics are based on the fluid
dynamics equations. The conservation laws of physics represents in the form of
mathematical equations. The flow of blood governs by the Navier-Stokes equations with
the assumptions of incompressible and homogenous and non-Newtonian fluid. The

blood density (p) is assumed as 1050 Kg/m®.

p[%+V.VVj =-Vz-Vp (3.4)
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and the continuity equation for incompressible flow is

Il
o

Vv (3.5)

Here V is the three dimensional velocity vector, T the time, p the blood density, p the
pressure and 7 the stress tensor. The Bird-Carreau model is used to represent non-
Newtonian fluid in this work, and the blood viscosity p given in poise (P) as a function

of shear rate j given ins™ is given by

p= g, + (o — p )1+ (A7) 1" D72 (3.6)

Where, A (Time constant) = 3.313s, n (Power law index) = 0.3568, t, (Low shear
viscosity) = 0.56 P and ,_(High shear viscosity) = 0.0345 P. since the above both

equation can be used for incompressible laminar and turbulence flow. Analytical
solutions of the Navier-Stokes equations exist for only a few laminar flow cases, such as
pipe and annulus flows or boundary layers. Turbulent flows are modeled by using

various turbulence modeling schemes.

3.4 Turbulence modelling

Two equation turbulence models such as k—& and k—@ models are widely
used. In the k —& model k is the turbulence kinetic energy and ¢ is the turbulence eddy
dissipation (the rate at which fluctuation in velocity dissipates). In the k — @ turbulence
model, k is the turbulent kinetic energy and  is the turbulent frequency (Wilcox,
1994). The k- model has a capability to solve the near wall treatment for low Reynolds

computation. Since the flow through stenosed artery during hyperemia condition
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becomes turbulent. In this work the standard k- model and k- based Shear Stress

Transport (SST) have been discussed in detail.

3.4.1 Standard (k-®) model

op O
i (pu)=0
ot o (pu;) (37)
0 0 0 -~
a(pui)+a_)(j(mjui):a_)(j(_p5ji +Tji) (3.8)
a 0 6 ou 8k
- (pu k)= “pak +- X

(Kaye et al.2010)
0 0 o 8 ow
~(po) x (,0)= a7y a ~Bpo+— [(u oy ) ale (3.10)

B _lou

2;{3 3o 5,,j 7, (3.12)
1ou 2

o545 s-J o2
i =a pklao (3.13)
S —1 %4_% 3.14

T2, ox e

In Egs. (3.7 - 3.14), tis the time, X; is position vector, U; is velocity, 0 is density, p is
pressure, 1 is molecular viscosity, and fij is the sum of molecular and Reynolds stress

tensors. Also, 5ij Kronecker delta, k is the turbulence kinetic energy, « is the turbulent
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frequency 7;; is Reynolds stress tensor, and ., is eddy viscosity. The six parameters

a,a,p ,B,0 and O are closure coefficients whose values are given as:

. o, +Re; /R,

~ 1+Re; /R, (3.15)
_§0{0+RGT/RG) <1
“T91+Re R, @) (3.16)
5 4
5 - 9 48+(RET/Rﬂ) (3.17)
100 1+(Re, /R, )’
3 N
=5 —o=1 (3.18)

a, :% Loy = %o (3.19)

R,=8 R =6 R =27 (3.20)

Where Re; is the turbulence Reynolds number defined by

=— (3.21)

3.4.2 Shear-Stress Transport (SST) k-o (or k-o-SST) model

The k—wbased SST model accounts for the transport of the turbulent shear
stress and gives highly accurate predictions of the onset and the amount of flow
separation under adverse pressure gradient (F. Menter, Kuntz, & Langtry, 2003; F. R.

Menter, 2009) .
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a(gk)y(;;i. )5 _g f’k“”a_i{(“”k“‘)g?k} (3.22)

o(pw) J(pU,w 1~ 0 ow
(pe) , O )=05V—Pk—ﬂpw2+67{(ﬂ+0w#t)87}+
t .

ot OX; i i
1 ok dw

2(1-F —=22

1-FR)po,, o %, Ox (3.23)
The turbulent eddy viscosity is defined as
v=— A 5. s (3.24)
" max(a,w,SF,)’ 0= '

p =y Mif i Y 3.25
k = H 8XJ- 8XJ- ox, (3.25)
B, =min(P,,10- 8" ko) (3.26)

Where F, and F, are blending function which are equal to zero away from the surface

and are defined by

4
F, = tanh{< min max( \/E ,SOZOVJ, 4p0“’25 (3.27)
B ay yo)CD,y

2
F, =tanh {max( Zl/E SOOVH

' 2 3.28
By’ yao (3:29)
CD,, = max(Zpo-wz %2—;%,10-1‘)) (3.29)

Where, k is the turbulence kinetic energy, @ is the turbulence frequency, y is the
distance to the nearest wall, S is the strain rate, p is the density and U, is the flow

velocity. Constants are computed from the kK—& and the k—® model through
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a = a,F, + a,(1—F,) The model constants areﬂ* =0.09, o, =5/9, 8, =3/40

0,=0850,=05 &, =0.44, B, —0.0828,0,,=1, 7,, =0.856 .

3.5 3-Dimensional Computational models of ideal coronary artery
The present section describes the 3-dimensional model generated using

computer aided design for an ideal coronary artery of human.

3.5.1 Modeling of different shapes of stenosis in coronary artery

First in the current study, an idealized coronary artery model with different
shapes of stenosis were created in ANSYS workbench. The model has 70% (moderate),
80% (intermediate) and 90% (severe) Area Stenosis (AS) with various shapes. Since
according to the clinical data stenosis does not have any particular shapes so in the
current study an attempt is made to create the different geometrical shapes of stenosis
(elliptical, trapezoidal and triangular) as shown in figure 3.1. The trapezium model has
converging (of length I), throat (of radius ry, and length I), and diverging (of length I)
sections, whereas triangular shape stenosis consists of converging (of length I¢), and
diverging (of length I;) sections. Moreover, proximal and distal radius is assumed to be
identical (of length rg). The diameter of the artery is 3mm and the stenosis length has
been fixed to 10mm in all the model. Table 3.1 shows the dimensions used for the
triangle and trapezium to develop the models of stenosis considered in the current study.
The elliptical shape stenosis model was developed by using the following equation (
Dash, et al., 1999)

n@) _q hg, [2-d =
- =1 asmﬂ( . jvdgz <d+L, (3.30)

Where, 77(Z) is the radius of stenosis, a, is the radius of an artery, I is along the axis of

the artery and h is the maximum projection of the stenosis into the lumen.
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Figure 3.1: Schematic diagram for a) elliptical, b) trapezium and c) triangular stenosis
geometry
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Table 3.1: Dimensions of different stenosis shapes (All the dimension are in mm)

Area stenosis Triangle Elliptical Trapezium
(AS)

g | I'm e (I [ (L [0 [0 [ de [1n [ I
70% 15 {082 |5 |- S |- |- - 135 |3 |35
80% 15 |067 |5 |- S |- |- - |35 |3 |35
90% 15 [ 047 |5 |- S |- |- - 135 |3 |35

3.5.2 Modeling of coronary artery with varying angle of curvature

In order to investigate the influence of angle of curvature, four solid models
representing 30°, 60°, 90° and 120° curvature angle of coronary artery were developed
in ANSYS workbench. L1 and L3 represent the length prior to the stenosis and
immediate after the curvature which is 30 mm and 40 mm respectively. The curvature
length L2 for all the four models under investigation is kept at constant value of 10mm.
Figure 3.2 shows the geometric representation of 30° curved artery model. The various
size of stenosis was introduced prior to the beginning of curvature in the coronary artery
models. The percentage area stenosis was calculated by using equation (1). Table 3.2
shows the length and dimension of stenosis as given by (Govindaraju et al., 2014;

Konala et al., 2011; Rajabi-Jaghargh et al., 2011).
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Figure 3.2: Geometric representation of curved artery for 30° degree

Table 3.2: Dimensions of different degree of stenosis in the models (All dimension
are in mm) (Konala et al., 2011)

Area d m I I I
stenosis

(AS)

70% 0.82 6 3 1.5

80% 0.67 6 1.5 1.5

90% 0.47 6 0.75 1.5

3.5.3 Mesh generation for ideal coronary artery models

The coronary artery models developed in ANSYS workbench is exported into
Step file format. In order to create a high quality mesh ANSYS ICEM CFD 145, a
mesh generator has been used. The model were imported into ANSYS ICEM CFD 14.5,
where mesh with hexahedral elements is generated. Figure 3.3 and figure 3.4 shows the
grid structure generated for Elliptical model for 80%AS and 30° degree curved artery

model (70% AS) respectively.
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a) b)

Figure 3.3: Computational mesh used for numerical study in the elliptical model for
80%AS (a) front view b) side view

“ ‘

Figure 3.4: Grid structure for the curved stenosis artery of 30 degree (a) front view b)
side view

3.6 Mesh independent study
The accuracy of computational simulations depends on the quality of the mesh
used. A mesh independent study was carried out before selecting the number of

elements based on the results obtained. A simulation of three sets of large numbers of

49



elements has been performed and the results were plotted as shown in figure 3.5 and
figure 3.6 and table 3.3. The velocity at appoint mid of the stenosis during the cardiac
cycle and pressure drop along the axial length for the peak systole shows identical
results for the three different sets of mesh elements. It is evident from table 3.3 that the
mesh size of elements 258894 gives mesh independent study within reasonable amount

of CPU time. Thus mesh elements in this range is chosen for simulation.

—— Mesh 1
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-15
-20

-25

Pressure P-Pe (mmHg)
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35 +

000 0.01 002 003 004 005 0.06 007
Time (s)

Figure 3.5: Axial pressure drop along the length of the artery for elliptical model in
70% AS
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Figure 3.6: Velocity profiles at a point mid of the stenosis for elliptical model in 70%
AS

Table 3.3: Mesh independent study

Elliptical model | Number of | Peak velocity | Maximum Pressure | Time
with 70%0AS Elements (m/s) drop P-Pe (mmHg) (s)
Mesh 1 258894 2.93494 -32.9981 5:25:33
Mesh 2 360360 2.93484 -32.6757 6:9:12
Mesh 3 447755 2.93221 -32.8087 7:43:45

3.7 Modeling of 3D realistic left coronary artery by using 2D CT scan images
The realistic coronary artery model can be constructed from CT scan image data
of suspected patients of coronary artery diseases. The 2D DICOM (Digital Imaging and

Communications in Medicine) images data of patients is converted into the 3D CAD
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model using the image processing software, such as MIMICS and Analyzer etc. later a
surface model is imported into a suitable CAD software to develop a solid realistic
coronary artery model. In the current study, the realistic coronary artery models were
developed from the CT image were obtained from Hubli Scan Center with professional
radiologist in India. In the current study CT scan data of five patients of suspected
coronary artery disease is considered to develop the 3D coronary artery models. The
patients detail and stenosis location in the models is as shown in table 3.4. The MIMICS
software has been used for generating the 3D realistic coronary artery models
throughout this study. The scan interval should be as low as possible in order to avoid
the stair-step which is found across the curved surfaces on the models and less than
2mm thickness is recommended for the accurate segmentation of models. In the current
study all the models were developed with slices more than 300 in the coronal, sagital

and axial plans.

Table 3.4: Patient’s details of suspect’s coronary artery disease

Patient Gender Age Stenosis Location
1 M 37 RAMUS
2 M 39 LAD
3 M 46 LCX
4 M 49 LAD
5) M 49 LAD

A MIMIC is a medical image processing software, which creates 3D model. The
2D cross section medical images obtained from computed tomography (CT) and
magnetic resonance imaging (MRI) scan are used to generate the 3D models. These
images acquired during scanning in the direction XY plane (axial), XZ plane (coronal)

and YZ plane (sagittal) can be loaded in to the Mimics software. The process of
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converting these anatomical data from images into 3D model with measurement and
accuracy is called segmentation. Once the 3D model is segmented, it can be exported
into a different formats and engineering applications, such as FEA, surgical simulation,

design and additive manufacturing and more.

In this study the reconstruction of realistic left coronary arteries is performed by
importing the 2D CT scan images of suspected coronary artery disease patients in
DICOM (*.dcm) file format in to the MIMICS. The images were acquired in the 128
slicer scanner with the following specification: the Beam collimation 0.6, pitch, 1.4,
reconstruction interval of 0.6mm with the tube voltage of 100kVp current ranging from
300 to 650mAs. The slice thickness in the axial direction was 0.6mm with the 0.75mm
increment. These scan images in all the three direction (axial, sagittal and coronary) is
imported into MIMICS to create model. The images consist of grayscale information,
based on these gray values (Hounsfield Units) user generates models. These gray values
Is associated with each image pixel which defines the shade (white, gray) of the pixel.
The density of the material and gray values assigned to each pixel is directly related.
Density of bones is higher than the soft tissues, which helps to differentiate the soft
tissues and bones. All the images is compressed and merges in MIMICS software to
generate a single volume file format MIMICS (*.mcs) according to the same pixel size
value. Later on the segmentation of left coronary artery is carried out by selecting an
appropriate thresholding values. A range of threshold values is defined to create the
segmented mask of left coronary artery. The value of thresholding for arteries is within
the range of soft tissue and it differs from patients to patients ranging from -150 to 450
HU (Hounsfield Units). Further an automatic region growing function is used to create
the left coronary artery model after the segmentation process. The 2D CT scan images

(coronal, sagittal and axial), 3D volume rendering of left and right coronary artery along
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with ascending aorta, heart after the segmented procedure as shown in figure 3.5. Later
the manual segmentation was performed to edit the mask in order to remove the floating
pixel and unconnected regions which do not constitutes the left coronary artery. The 3D
model of left coronary artery is visualized through the 3D rendering tool in MIMICS, as
shown in figure 3.7. To examine and ensuring the accuracy of anatomical model, 3D
rendering tool helps. Once the modeling of left coronary is confirmed as per the clinical
observation, it is converted into stereo-lithography (*.stl) file format and exported to 3-

matic for mesh generation.
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Figure 3.7: 2D CT scan images with 3D volume rendering image of normal left
coronary artery

3.8 Generating 3D left coronary artery models and meshing using 3-matic software

The 3D anatomical models of left coronary artery is imported using the stereo-
lithography (*.stl) file format from MIMICS in to the 3-matic. The 3D surface models
of left coronary artery is further edited until a smooth and refined surface is obtained by
using smoothing function in order to remove the sharp edges and corners in 3-matic.
The ends of all the branches of left coronary artery model are trimmed to obtained flat

surfaces, for applying boundary conditions.

The left coronary artery surface model is initially meshed with the triangular
elements by using re-mesh function, later the quality of surface mesh is analyzed by
using inspection tool. The mesh quality in 3-matic can be controlled by various
parameters, such skewness, orthogonal angle, element quality, edge length etc. A

skewness of 0.4 is set to control the quality of elements in the current study. Once
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optimize surface mesh is generated then volume mesh was performed by using the
volume mesh tool in 3-matic. The coronary artery model is then meshed with tetrahedral
elements further the quality of elements was inspected in order to have an optimized

mesh models as shown in figure 3.8.

Figure 3.8: Normal left coronary artery with fine mesh using tetrahedral elements

In order to ensure the realistic physiological conditions, the 3D numerical
simulation for the idealized coronary models with different shapes of stenosis is
performed with a transient Pulsatile pressure p(t) (figure 3.9) at the inlet, and transient
parabolic velocity u(t) (figure 3.9) at the outlet. The pulsatile pressure and parabolic
velocity is obtained from the literature konala et al. (Konala et al., 2011; Tang et al.,
2009) and Banerjee et al. (Cho, Back, Crawford, & Cuffel, 1983; Sinha Roy et al.,

2006) respectively. A no-slip condition is applied at the wall. The mean hyperemic flow

rate (6) 175ml/min, 165ml/min and 115ml/min is used to acquire the velocity profile

for 70%, 80% and 90% AS respectively. The shear stress transport (SST) turbulence

model belonging to k-@ model was used for modelling the flow which gives the
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accurate and robust results for high Reynolds number as noted by Jozwik et al. (Jozwik

& Obidowski, 2010) and Kagadis et al. (George C. Kagadis et al., 2008).
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Figure 3.9: Physiological pressure (Konala et al., 2011; Tang et al., 2009) and velocity
applied at the inlet and outlet (Cho et al., 1983; Sinha Roy et al., 2006) respectively.
The peak velocity corresponds to a normalized velocity of 1.0, so that the ratio of
mean to peak velocity is 0.537

3.9 Validation of simulation results with published results

In recent years Computational Fluid Dynamics (CFD) simulations are
extensively used as replacement to experimental studies due to the reason that CFD can
give high accuracy in predicting the various kind of flow behaviour in many
engineering and scientific fields. The second important point that has attracted
researchers to use CFD is that it can answer many what if scenarios which otherwise
becomes extremely difficult to answer for any experimental study. In some cases it is
impossible to get the experimental results due to value of human life involved and
moreover CFD can predict the secondary variables quite easily which is extremely

difficult to get through experimental means. Another reason to opt CFD can be
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attributed to the fact that, it gives results in very short time as compared to that of
experimental studies thus compressing the huge amount of time which helps researchers
to devote extra time on interpreting various kinds of scenarios. However, in order to
obtain accurate numerical simulation and results, it is necessary to validate the results
obtained from numerical simulations against the experimental data. For this reason, the
bench mark validation case has been done for guide wire flow obstruction effect on
pressure drop across the stenosis and hence the coronary diagnostic parameters in-vitro

experimental setup

3.10 Simulation of guide wire measurement of stenosis severity in vitro
experimental setup
In order to compare the present methodology, our model was reduced to the base

model for which the results are available in open literature. A 3-D model replicate of
coronary artery model with stenosis employed experimentally by Banerjee et al (R. K.
Banerjee, Peelukhana, & Goswami, 2014) to study the pressure drop across the stenosis
and hence the diagnostic parameter was considered for the benchmark validation. In this
experimental work, the coronary test section consists of converging, throat and
diverging part. The various geometrical dimensions involved for the coronary artery for
80% AS are given in Table 3.1. This geometry was well validated with clinical data in
several occasions (Ashtekar, Back, Khoury, & Banerjee, 2007; R. Banerjee et al., 2008).
In this benchmark validation, the CFD analysis was carried out with the coronary artery
model used by Banerjee et al (Banerjee et al., 2014) by assuming blood as non-
Newtonian fluid which follow Carreau model. Experiments of Banerjee et al. (Banerjee
et al., 2014) consists of a guide wire of diameter 0.014” to measure the pressure drop
across the stenosis having the pulsatile flow. The hyperemic flow rate was found from
the clinical data (Wilson et al., 1988) which was used in their experiment to evaluate

FFR and CDP. The experimental mean hyperemic flow rate was 135 ml/min in the case
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of intermediate stenosis severity (80% AS). These results could be used as a benchmark
case for validation of the CFX simulations. In addition to achieve the goal of validation
of CFX simulation solver for computing pressure drop across the stenosis to find the
functional significance of the stenosis severity, this study focuses on the effect of mesh

density, laminar and k —@ SST model on the accuracy of results.
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Figure 3.10: Experimental setup of coronary artery model, Reprinted from ( Banerjee et
al., 2014), Copyright (2015) with permission from Elsevier

3.11 Pressure drop comparison

Figure 3.5 shows the pressure drop comparison of present results using k — @
SST models with the experimental results of Banerjee et al (Banerjee et al., 2014) . It is
obvious from this figure that the present methodology is quite accurate enough in

predicting the various flow characteristics.
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Figure 3.11: Results of Experimental data (Banerjee et al., 2014) and computational
data of with and without guide wire

3.12 FFR and CDP comparison

The values of FFR, and CDP obtained from the simulation study under
hyperemic flow condition, were compared with the previous work done by Konala et al.
and it can be seen from figures clearly that there is a good agreement of our numerical
results with the results of Konala et al. (Konala et al., 2011), thus validating the present

methodology
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Figure 3.12: Compression of FFR for rigid plaque wall model reported by Konala et al.
(Konala et al., 2011)
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Figure 3.13: Compression of CDP for rigid plaque wall model reported by Konala et
al.(Konala et al., 2011)
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the detailed analysis has been carried out to investigate the blood
flow in a stenosed left coronary artery. The results obtained from the simulation of
ideal and realistic left coronary artery models were presented. The effect of different
shapes of stenosis, variation of angle of curvature, and influence of deferent degree of
stenosis in left coronary artery on the hemodynamic parameters such as, pressure,
velocity and wall shear stress were reported in detail, along with the diagnostic

parameters FFR, CDP and LFC.

4.2 Effect of shapes of stenosis on pressure and diagnostic parameters

Figure 4.1 Shows time average pressure drop in the triangular, elliptical and

trapezium models. The Ap for trapezium shape stenosis was higher than the other two

models and is followed by the elliptical and triangular shapes of models for a fixed

stenosis severity. The AP increases in non-linear manner as percentage AS increases for
all the models. This could be characterized by the non-linear nature of momentum
changes on account of area constriction and vary with a second power of flow rate
(Konala et al., 2011). For triangular shape stenosis model, the pressure drop for 70% AS
was 4.89 mmHg, however as the percentage AS increased from 70% to 80%, the
pressure drop increased to 7.71 mmHg whereas from 80% to 90% AS, increased to
15.53 mmHg. In case of elliptical model, for 70% AS the drop in pressure was
6.17mmHg, but for 80% AS, it increased to 9.58mmHg whereas for 90% it further
increased to 16.78mmHg. Similarly for trapezium models pressure drop for 70%AS was
7.43mmHg, increased to 12.45mmHg as stenosis severity increased from 70% to 80%

AS and further increased to 24.85 mmHg as stenosis severity increased to 90%. The
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comparison of axial pressure drop in the models (Triangular, Elliptical and Trapezium)
for a given percentage AS revealed that the trapezium shape stenosis models has higher
pressure drop than in the other two models (Triangular, Elliptical) during a cardiac
cycle. This is due to the effect of the stenotic shape (‘‘shape-effect’’), for triangular
model after the convergent, stenosis starts diverging to maximum so that the flow would
be maximum which results in less drop in pressure. In case of elliptical stenosis, the
rounded surface affects the flow to lesser extent in terms of localized losses of pressure
and recirculation. Consequently, both triangular and semi ellipse represents a less-
severe pathology than a trapezium, reducing the risks of deposit, setting and
enhancement of a stenosis. The trapezium shape consists of throat section after the
convergent which significantly affect the pressure drop as compared to the other two

models. This shows that the shape of the stenosis plays a very important role.
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Figure 4.1: Bar graph showing variation of time averaged pressure drop across a given
area stenosis with different shape stenosis (triangular, elliptical and trapezium)

figure 4.2 shows that the value of Fractional Flow Reserve (FFR) for all the models
decreases with the increase in the percentage AS. The FFR for the different shapes of

models, obtained is in close agreement with available literature reported by Konala et al.
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(Konala et al., 2011). Konala et al. have considered only trapezium model with a little
change in geometry of stenosis. The computed values of FFR was plotted for the best
fit approximation with linear correlation R*=0.97. A horizontal line was drawn at
FFR=0.75 which represents the cut-off value, to determine a range of AS with possible
misdiagnosis as shown in the figure. 4.2. This horizontal line intercepted the FFR-AS
lines intersect at 76.5%, 79.5% and 82.7% AS in trapezium, elliptical and triangular
model, respectively. For AS < 76.5%, the FFR value for all the models (triangular,
elliptical, trapezium) were well above the cut-off value of 0.75, and in the range of
76.5%- 79.5% the value of FFR for triangular and elliptical model was observed to be
greater than 0.75, whereas the FFR value for trapezium model was lower than the cut-
off value of 0.75, which could lead the misdiagnosis of stenosis severity. Similarly in
the range of 79.5%- 82.5% AS, the elliptical model and trapezium models were below
the cut of value of 0.75 whereas the triangular model shows FFR of 0.75, raising the
potential of misdiagnosis. At 82.7%, the triangular model shows FFR of 0.75 whereas
trapezium and elliptical models show the FFR value of less than 0.75. For AS> 82.7 the
coronary interventional procedure could be carried out irrespective of the stenosis
shape. Thus the variation in FFR in the region of 76.5-82.7% AS could lead to the
misdiagnosis of intermediate stenosis to decide upon coronary intervention around the
clinically used cut-off value of 0.75 if the decision is based only on angiography instead
of the actual measurement of FFR. From the above discussion it is obvious that the
shape of stenosis plays important role in evaluating functional significance of the

stenosis severity.
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Figure 4.2: Variation of FFR values with different shapes of stenosis (triangular,
elliptical and trapezium)

The non-linear increase in the value of Pressure drop coefficient (CDP) was
observed for all the three different shapes of stenosis models as shown in figure. 4.3.
For triangular model 3 fold increases in the value of CDP from 7.29 to 21.17 was
observed in stenosis severity from 70% to 80% AS, whereas an increase in stenosis
severity further to 90% AS elevated the CDP value by 4.6 times to 97.34. An elliptical
model also shows a similar nonlinear trend, such as 1.9-fold increase in CDP value from
9.19 to 26.45 was observed as the stenosis severity changed from 70% to 80 AS; this
value further increased to 112.5 (4.3 fold)with an increase in the stenosis severity to
90% AS. For the case of trapezium model a 3 fold increase in the CDP value from 11.0
to 33.2 was observed in the stenosis severity from 70% to 80% AS, further increase in

stenosis severity to 90% AS elevated the CDP value by 154.7.
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Figure 4.3: Variation of CDP with %AS in various shapes of models (triangular,
elliptical and trapezium)

Figure 4.4 depicts the variation of LFC (Lesion Flow Coefficient) for the
different shapes of stenosis in different percentage AS. The value of LFC was found to
be higher for the trapezium model than that of the other two models (triangular and
elliptical). For the triangular shape stenosis, the increase in severity from 70% to 80%
AS shows 1.1% increase in the LFC value. A further increase in 5.7% was observed for
an increase in stenosis severity to 90%AS. However the elliptical model does not
exhibit variation in the value of LFC (0.77) with corresponding increase in severity
from 70% to 80% AS. For 90% AS the LFC increased to 11.6% (0.86). For the case of
trapezium model the LFC was found to be same (0.70) for both 70% and 80% and is

increased to 4.2% (0.73) for 90% AS.
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Figure 4.4: Variation of LFC with %AS in different shapes of models (triangular,
elliptical and trapezium)

4.3 Influence of shapes of stenosis on velocity parameters
Figure 4.5 shows the variation of radial velocity along the stenosis for the 70%AS
elliptical model in different time steps. The velocity profile for the time step 1.05s. 1.2s,
1.38s and 1.51s represents the near beginning of the systole, peak systole, early diastole
and later diastole respectively. As expected, the velocity profile at peak systole (1.2 sec)
IS maximum as compared to the other time steps due to maximum inlet velocity at 1.2
sec. It is observed that the blood velocity at proximal (Z=1) is lower as compared to the
mid of throat (Z=I1), just after stenosis distal (Z=I11) and at the distal (Z=IV) location
for all the times step. The maximum velocity was noted at the midpoint of the throat
(Z=11) segment for the time step 1.05s, 1.2s, 1.38s and 1.51s is 1.46m/s, 2.92m/s,
2.45m/s and 0.93m/s respectively as compared to other locations with respect to their

time steps during the cardiac cycle.
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Figure 4.5: Velocity profile at some locations along the stenosis at various times for
70%AS in elliptical model

Figure 4.6 illustrates the velocity variation in the radial direction along the
stenosis for the 80%AS elliptical model in for time steps during the cardiac cycle. It is
observed that the velocity profile shows no significant difference for the proximal (Z=1)
location as compared with the 70%AS elliptical model. The increase in velocity was
noted at the throat (Z=I1) from 1.46m/s, 2.92m/s, 2.45m/s and 0.93m/s to 2.17s, 4.43s,
3.69s and 1.36s for the time step 1.05s, 1.2s, 1.38s and 1.51s respectively. Similarly at
the distal just after the stenosis (Z=I111) the increase in velocity pattern is observed for
the respective time steps, whereas decrease in the velocity pattern is also observed for
the location (Z=1V) distal from stenosis expect for the time step 1.05s which shown

increase in velocity from 0.9s to 1.24s.
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Figure 4.6: Velocity profile at some locations along the stenosis at various times for
80%AS in elliptical model

Figure 4.7 depicts the velocity variation in the radial direction along the stenosis
for the 90%AS elliptical model during the cardiac cycle. For the case of 90%AS
elliptical model, the proximal velocity (Z=I) is also affected as shown in figure 4.7,
unlike the 70%AS and 80%AS. The further increase in the velocity was found at the
throat (Z=I1) as compared to the 70%AS and 80%AS. This velocity profile increases
inside the stenosis throat region due to venturi effect. For the location just after the
stenosis (Z=I1I), higher velocity was noted as compared with the same location for
70%AS and 80%AS during the cardiac cycle. The decrease in flow velocity was noted
at position far from the stenosis (Z=1V) in 90%AS elliptical model as compared with

the 70%AS and 80%AS elliptical model during the cardiac cycle.
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Figure 4.7: Velocity profile at some locations along the stenosis at various times

for 90% AS in elliptical model

The velocity variation in the radial direction along the stenosis for the
trapezoidal model in 70%AS is shown in figure 4.8 for various time steps during the
cardiac cycle. The maximum velocity observed at the proximal (Z=I) location is
0.56m/s, 1.07m/s, 0.92m/s and 0.38m/s for 1.05s, 1.2s, 1.38s and 1.51s times step
during the cycle respectively. The further increase in the velocity was found at the
throat (Z=I1) and just after the stenosis region (Z=I1l) for the trapezoidal model in
70%AS. However, the decrease in the velocity pattern was found in the region far from
the stenosis (Z=1V) as compared to the throat and just after the stenosis region. The

maximum velocity at far from the stenosis (Z=IV) is 0.98m/s, 1.67m/s, 1.3m/s and
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0.68m/s for the time step 1.05s, 1.2s, 1.38s and 1.51s respectively.
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Figure 4.8: Velocity profile at some locations along the stenosis at various times for
70%AS in trapezoidal model

Figure 4.9 represents the variation of velocity in the radial direction along the
stenosis for trapezoidal model in 80%AS for different time steps during the cardiac
cycle. The velocity pattern shows no significant difference in the proximal (Z=I)
position as compared with the 70%AS trapezoidal model. The increase in the maximum
velocity was noted at the throat (Z=Il) location as compared with the 70%AS
trapezoidal model (figure 4.6). Similarly increase in the maximum velocity was
observed for the region just after the stenosis (Z=IIl) as compared with the 70%AS

trapezoidal model. The highest velocity at the position far from the stenosis (Z=1V) is
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1.45m/s, 1.11m/s, 0.9m/s and 0.37m/s for the time step 1.05s, 1.2s, 1.38s and 1.51s

respectively.

Z=I
pesecesstcesesece,,, Trapizadal model
1.0 °e
—a—1.05s
—e—12s
sl —4A—1.38s
—v—151s

velocity (m/s)

vwvvvvvvvvvy,,'v‘v
¥y
Vv

-
02} YVve
vy
vy
Vv
0.0 1 1 1 1 Aas
0.0000 0.0003 0.0006 0.0009 0.0012 0.0015
radius (m)
5
Z=lll
omo.c.‘. Trapizodal model
ir —=—1.05s
—e—12s
—4—1.38s
8 —v—1.51s

velocity (m/s)

0
0.0000 0.0003 0.0006 0.0009 0.0012
radius (m)

0.0015

velocity (m/s)

velocity (m/s)

Z=ll
©®e¢ 4 Jrapizodal model

0
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
radius (m)

Z=IvV
Trapizodal model

—=— 1.05s

—e—12s

®000qe, —a—1.38s
Soee —v—151s

vy YVVvy

02}

0.0
0.0000 0.0003 0.0006 0.0009 0.0012 0.0015
radius (m)

Figure 4.9: Velocity profile at some locations along the stenosis at various times for
80%AS in trapezoidal model

Figure 4.10 depicts the velocity variation in the radial direction along the

stenosis for the 90%AS trapezoidal model during the cardiac cycle. It is noted that there

is not much variation in the proximal velocity (Z=1) for 90%AS trapezoidal model as

compared to 70%AS and 80%AS trapezoidal model as shown in figure 4.10. Whereas

significant increase in the velocity at the mid of throat (Z=Il) position is found when

compared with the 70%AS and 80%AS trapezoidal model. Similarly higher velocity

flow pattern was noted at the position just after the stenosis (Z=II1) in 90%AS

trapezoidal model. The decrease in the maximum velocity was recorded as 0.58m/s,
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0.65m/s, 0.56m/s and 0.22m/s for the time step 1.05s, 1.2s, 1.38s and 1.51s respectively

as compared with 70%AS and 80%AS trapezoidal models.
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Figure 4.10: Velocity profile at some locations along the stenosis at various times for
90%AS in trapezoidal model

Figure 4.11 shows the velocity variation in the radial direction along the stenosis
for the 70%AS triangular model during the cardiac cycle. The maximum velocity
observed at the proximal (Z=1) shows no significant difference for the various times
step during the cycle respectively. It is also noted the maximum velocity at different
time step is lower than that of the 70%AS elliptical and trapezoidal models for the
region at throat (Z=I1) and just after the stenosis region (Z=I11). The highest velocity at
the region (Z= IV) for the times step 1.05s, 1.2s, 1.38s and 1.51s is 0.8m/s, 1.83m/s,
1.47m/s and 0.62m/s noted respectively. It is found that the velocity profile for

triangular geometry is smallest of the three models being investigated.
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Figure 4.11: Velocity profile at some locations along the stenosis at various times for
70%AS in triangular model

Figure 4.12 represents the variation of velocity in the radial direction along the
stenosis for triangular model in 80%AS for different time steps during the cardiac cycle.
From figure 4.12 it is observed that there is no variation in maximum velocity pattern in
the proximal (Z=I) region as compared to the other two models (elliptical and
trapezoidal). The increase in the maximum velocity at the mid of throat (Z=I1) and just
after the stenosis (Z=I1I) position was noted unlike the other models observed at that
positions. The higher velocity at the region (Z=IV) is 1.2m/s, 1.19m/s,0.95m/s and

0.44ml/s for the time stepl1.05s, 1.2s, 1.38s and 1.51s recorded respectively.
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Figure 4.12: Velocity profile at some locations along the stenosis at various times for
80%AS in triangular model

Figure 4.13 depicts the velocity variation in the radial direction along the

stenosis for the 90%AS trapezoidal model during the cardiac cycle. The effect of

increase in %AS in triangular stenosis is similar to that of other two cases (elliptical and

trapezoidal) considered. The velocity at Z=I11 increased by 0.93 times due to increase in

AS from 70% to 90%. Similarly higher velocity flow pattern was noted at the position

just after the stenosis (Z=I11) in 90%AS triangular model. The higher velocity at the

region (Z=1V) is 1.05m/s, 1.2m/s,1.38m/s and 1.51m/s for the time step 1.05s, 1.2s,

1.38s and 1.51s recorded respectively.
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Figure 4.13: Velocity profile at some locations along the stenosis at various times for
90%AS in triangular model

4.4 Influence of shapes of stenosis on pressure

The pressure drop developed due to the presence of stenosis is very important
parameter to understand the severity of blockage that may lead to fatal situation if not
diagnosed and measured accurately. It is well known that the doctors in under
developed countries rely heavily on angiographic images to make decision about
severity of stenosis where % AS is considered as deciding parameter without giving
much attention to the geometry of stenosis. The pressure drop across the length of artery
at various pulse time and different geometry of stenosis is shown in figure 4.14, 4.15
and 4.16. The pressure drops suddenly when blood flow encounters stenosis and then
starts recovering after having passed through the blockage area. As expected, the

preserve drop across stenosis increases substantially when %AS increases.
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Figure 4.14 depicts the pressure drop across the length of artery at various pulse
time for elliptical model in 70%AS, 80%AS and 90%AS models. The T; T, Tz and T4
represents the pulse time near beginning of systole (1.05s), peak systole (1.2s), early
distal (1.38s) and later distal (1.51s) respectively. The maximum pressure drop along
the stenosis for the peak systole is -32.7mmHg, -76.4mmHg and -134.1mmHg for
70%AS (figure 4.14a) 80%AS (figure 4.14b) and 90%AS (figure 4.14c) respectively.
The minimum pressure drop was observed for later distal is -2.6mmHg, -6.76Hgmm, -
12.7mmHg for 70%AS 80%AS and 90%AS respectively. It is evident from figure 4.14
that the pressure drops around 3 times for elliptical stenosis when %AS increases from
70% to 90%, which represents a severe condition. As expected, the pressure drop across

stenosis increases substantially when %Area Stenosis increases.
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Figure 4.14: Axial pressure drop (P-Pe), along the stenosis at various time step for
Elliptical model a) 70%AS b) 80%AS c) 90%AS
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Figure 4.15 illustrates the pressure drop across the length of artery at various
pulse time for trapezoidal model in 70%AS, 80%AS and 90%AS. It is observed that the
maximum pressure drop during the peak systole are -36.5mmHg, -86.3mmHg and -
162.3mmHg for 70%AS (figure 4.15a), 80%AS (figure 4.15b) and 90%AS (figure
4.15c) respectively. Whereas the minimum pressure drop -3.03mmHg, -7.87mmHg and
-16.4mmHg for 70%AS, 80%AS and 90%AS was noted during the later distal
respectively. It is found from the figure 14.5 that the pressure drop is higher as

compared to that of the elliptical model during the entire cardiac cycle.
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Figure 4.15: Axial pressure drop (P-Pe), along the stenosis at various time step for
trapezoidal model a) 70%AS b) 80%AS c) 90%AS

The pressure drop across the length of artery at various pulse time for triangular

model in 70%AS, 80%AS and 90%AS was demonstrated in figure 4.16. It is found that

78



the maximum pressure drop during the peak systole were -28.3mmHg, -65.3mmHg and

-111.0mmHg for 70%AS, (figure 4.16a) 80%AS (figure 4.16b) and 90%AS (figure

4.16c) respectively. Whereas the minimum pressure drop -2.0mmHg, -5.3mmHg and -

9.8mmHg for 70%AS, 80%AS and 90%AS was noted during the later distal

respectively. It is obvious from figures 4.14, 4.15 and 4.16 that the shape of stenosis has

significant effect on pressure drop since trapezoidal stenosis (figure 4.15) produces

substantial higher drop in pressure as compared to elliptical stenosis (figure 4.14) which

in turn is higher than that of triangular shape stenosis (figure 4.16). For instance, the

pressure drop across elliptical stenosis for 90% AS is 23 mmHg greater than triangular

stenosis and trapezoidal shape gives 28 mmHg higher pressure drop than that of

elliptical shape for same %AS.
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4.5 Effect of shapes of stenosis on wall shear stress

The shear stress at the arterial wall is the indication of health of arterial wall in
the long run. Figure 4.17 shows the wall shear stress along the artery for various time
step for elliptical model during the cardiac cycle. The shear stress at the wall around
stenosis area is much higher than the other areas and the stress increases from 107Pa to
382Pa with increase in the blockage stenosis area from 70% to 90% during the peak
systole as shown in figure 4.17. The maximum wall shear stress during the peak systole
of 107Pa, 220Pa and 382Pa for 70%AS (figure 4.17a), 80%AS (figure 4.17b), and
90%AS (figure 4.17c), noted respectively. Whereas minimum wall shear stress of 19Pa,
40Pa and 69Pa for 70%AS, 80%AS and 90%AS is observed during the later distal

period.
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Figure 4.17: Wall shear stress along the artery at various time steps for elliptical model
during the cardiac cycle a) 70%AS b) 80%AS c¢) 90%AS
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Figure 4.18 shows the wall shear stress along the artery for various time step for
trapezoidal model during the cardiac cycle. The wall shear stress increase as the %area
stenosis increased from 165Pa to 646Pa for 70% to 90% during the peak systole
respectively as shown in figure 4.18. The maximum wall shear stress during the peak
systole of 165Pa, 355Pa and 646Pa for 70%AS, 80%AS, and 90%AS, noted
respectively. The minimum wall shear stress recorded during the later distal is 27Pa,
59Pa and 107Pa for 70%AS (figure 4.18a), 80%AS, (figure 4.18b) and 90%AS (figure
4.18c) respectively. It is found that the wall shear stress is much higher in trapezoidal
stenosis model as compared to that of elliptical model (figure 4.17) during the entire

cardiac cycle.
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Figure 4.18: Wall shear stress along the artery at various time steps for trapezoidal
model during the cardiac cycle a) 70%AS b) 80%AS c) 90%AS
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Figure 4.19 shows the wall shear stress along the artery for various time step for

triangular model during the cardiac cycle. The increase in the wall shear stress was

observed when blockage percentage area stenosis increased from 70% to 90% during

the cardiac cycle. The maximum wall shear stress found during the peak systole is

144Pa, 308Pa and 558Pa for 70%AS (figure 4.19a), 80%AS (figure 4.19b), and 90%AS

(figure 4.19c), respectively. Whereas the minimum wall shear stress for 70%AS,

80%AS and 90%AS is 23Pa, 49Pa and 92Pa during the later distal respectively. It is

also found that the wall shear stress is greater as compared to the the elliptical model

stenosis, whereas it is lower than the trapezoidal model stenosis.
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Figure 4.19: Wall shear stress along the artery at various time steps for triangular
model during the cardiac cycle a) 70%AS b) 80%AS c) 90%AS
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figure 4.20 Shows the overall transient pressure drop Aﬁ = P,-Pr (where P, is the
pressure measured at 3mm proximal to the start of converging portion and P, is the
distal recovery pressure) which was taken during the third and fourth cardiac cycles for
the stenosis. The mean pressure drop by integrating over the cardiac cycle shown by the
horizontal dash line in figure 4.20, were -12.6mmHg, -15.7mmHg and -19.8mmHg for
the triangular, elliptical and trapezoidal shapes of stenosis respectively. The above
mentioned mean pressure drop values further emphasis that the trapezoidal shaped
stenosis poses a significant higher risk to the patient as compared to the other two

stenosis geometries (elliptical and triangular).
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Figure 4.20: Overall pressure drop across the different shapes of stenosis (Trapezium,
Elliptical and Triangular) during the cardiac cycle at hyperemic flow in 80%AS

4.6 Influence of angle of curvature on pressure

Figure 4.21 represents the pressure drop profile along the axial length of 70%AS
with various angle of curvature. It is observed that the pressure drop is lowest across the

throat area and the recovery of pressure at the downstream is slower as the angle of
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curvature increased. The drop in pressure was increased as the percentage area of
stenosis increased. The maximum drop in pressure until 73.4mmHg, 74.2mmHg,
74.7mmHg and 75.8mmHg is found for 30° 60° 90° and 120° angle of curvature
models respectively. Whereas the recovery of pressure at the curvature region in case of

120° is slower as compared to the other curvature models.
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Figure 4.21: Pressure drop along the axial length for various curvature of artery of
70%AS

The pressure drop along the axial length of artery models with various angle of
curvature for 80%AS is shown in figure 4.22. The highest pressure drop across the
throat region is noted as similar to the 70%AS model with different angle of curvatures
(figure 4.21). The maximum drop in pressure until 51.3mmHg, 52.15mmHg,
52.18mmHg and 53.6mmHg is observed for 30°, 60°, 90°, and 120° angle of curvature
models respectively. The pressure recovery at the curvature location is slower in case of

120° as compared to the 30° curvature model.
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Figure 4.22: Pressure drop along the axial length for various curvature of artery of
80%AS

Figure 4.23 represents the pressure drop profile along the axial length of 90%AS
with different angle of curvature. The highest pressure drop across the throat region is
observed as similar to the other percentage area stenosis models. The pressure drop
increases as the percentage area stenosis increases as compared to the other two model
(70%AS and 80%AS) with the different angle of curvatures. There is no significant
difference was observed in pressure for 90%AS with various angle of curvature,
whereas the recovery of pressure for 30° is higher as compared to the other models as
shown in figure 4.23. This clearly shows that the presence of curvature augments the
increased flow resistance due to stenotic lesions. The effect of angle of curvature could
not be neglected even though the stenosis plays an important role in the pressure drop.
Therefor the angle of curvature and stenosis both plays a significant role thus both of

them should be considered in the diagnosis of coronary angiogram.
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Figure 4.23: Pressure drop along the axial length for various curvature of artery of
90%AS

4.7 Influence of angle of curvature on velocity

Figure 4.24 shows the velocity vector in the curvature region for various angle
of curvature in 70%AS models during the peak systole. It can be clearly observed that
the blood flow characteristics were strongly influenced by the curvature of artery wall.
The maximum velocity is noted across the throat region is in the range from 2.3m/s to
3.1m/s. The velocity field in the curvature plane skewed towards the outer side of the
curvature and also shows that this skewing becomes more noticeable as the angle of
curvature increases. This could pose the danger of another stenosis formation at inside
wall of curvature if blood contains stenotic material since there is lesser flow at inner
wall of curvature, creating an opportunity for stenotic material deposition. On the other
hand, the upper wall of artery is subjected to severe pressure due to high blood flow

rate.
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Figure 4.24: Velocity contours for various curvature of artery with 70% area stenosis
during the peak systole of cardiac cycle a) 30° b) 60° c) 90° d) 120°

Figure 4.25 depicts the velocity vector in the curvature region for various angle
of curvature in 80%AS models during the peak systole. It can be clearly seen that the
velocity increased across the throat region in the range from 3.1m/s to 4.1m/s as
compared to the 70% AS models with different angle of curvatures. A similar pattern of
velocity skewed towards the outer wall with the creation low flow region across the
inner wall as compared to the 70%AS model with various angle of curvature (figure
4.24). Figure 2.25 also shows that the skewing becomes more noticeable as the angle of

curvature increases.
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Figure 4.25: Velocity contours for various curvature of artery with 80% area stenosis
during the peak systole of cardiac cycle a) 30° b) 60° c¢) 90° d) 120°

Figure 4.26 represents the velocity vector in the curvature region for various
angle of curvature in 90%AS models during the peak systole. It is found that the
velocity at the stenosis increased sharply in the range from 4.2m/s to 5.6m/s across as
compared to the 70%AS and 80%AS models of various angle of curvatures. Figure 4.26
also showed a similar pattern of velocity skewed toward the outer wall with the low
flow region across the inner wall. It is found that the direction of the flow is from the
inner wall towards the outer wall and comes back to the inner wall again when moving
towards the downstream as angle of curvature increased from all the models (figures

4.24, figures 4.25 and figures 4.26) with different degree of stenosis.
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Figure 4.26: Velocity contours for various curvature of artery with 90% area stenosis
during the peak systole of cardiac cycle a) 30° b) 60° c) 90° d) 120°

Figure 4.27 illustrates the velocity profile along the axial length of the artery in
different angle curvature with 80%AS. It is clearly seen that the velocity increased
sharply across the stenosis region until 4.1m/s. Among the four angles of curvature, the
30° curvature has least recovery of velocity when the blood passes through stenosis as
shown in figure 4.26. It is also observed that the lower curvature angle produces lowest
minimum velocity in the curve region of artery and the point of occurrence of minimum

velocity moves further away with decrease in angle of curvature.
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Figure 4.27: Axial velocity profile along the artery with different angle of curvature for
80%AS, a) main figure b) enlarged maximum velocity

Figure 4.28 illustrates the velocity profile along the axial length of the artery in
different angle curvature with 90%AS. It is found that the velocity increased as the
percentage area stenosis increase from 80% to 90%. The maximum velocity noted
across the stenosis is 5.6m/s. there is not much variation observed for 60°, 90° and 120°

curvatures models.

90



—— 30 Degree
—— 60 Degree
41 | ——90 Degree
— 120 Degree

velocity (m/s)

velocity (m/s)

——30Degree | |||
——60 Degree | |||
——90Degree | |
— 120 Degree |

10 20 30 40 50

L
40
Axial lenght (mm)

Axial lenght (mm)

a) b)
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4.8 Influence of angle of curvature on wall shear stress

Figure 4.29 depicts the variation in wall shear stress in different angle of curvature
models for the 70%AS during the peak systole. The wall shear stress across the throat of
stenosis increases as the angle of curvature increases except for 120° curvatures model.
The wall shear stress is found to be higher at the outer wall as compared to the inner
wall in all the four models. The wall shear stress increases as the angle of curvature
increase. The highest shear stress at the throat is in the range from 112Pa to 124Pa,
116Pa to 129Pa, 118Pa to 131Pa and 112PA to 125Pa, for 30°, 60°, 90° and 120° noted

respectively.
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Figure 4.29: Wall shear stress contour for various angle of curvature during peak
systole in 70%AS

The distribution of wall shear stress in different angle of curvature with 80%AS
during the peak systole is shown in figure 4.30. The wall shear stress at the beginning of
throat of stenosis is found to be higher for 80%AS as compared to that of 70%AS model
with various curvature angles (figure 4.29). The wall shear stress is found to increase
with increase in curvature increases. The maximum stress across the beginning of throat
is in the range from 232Pa to 258Pa, 232Pa to 258Pa, 223Pa to 248Pa and 226Pa to

252Pa for 30°, 60°, 90° and 120° respectively.
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Figure 4.30: Wall shear stress contour for various angle of curvature during peak
systole in 80%AS

Figure 4.31 represents the variation in wall shear stress in different angle of
curvature models for the 90%AS during the peak systole. The wall shear stress at the
throat of stenosis for 90%AS is found to further increase as compared to the 70%AS
and 80%AS models with different angle of curvature. The stressed area at the outer wall
increases as the angle of curvature increases. The highest wall shear stress across the
beginning of stenosis is in the range from 481Pa to 534Pa, 485Pa to 539Pa, 482Pa to

535Pa and 460Pa 511Pa for 30°, 60°, 90° and 120° respectively.

93



P I I IS
SO S S S SSS
S o W& 1 of NS 1O

F 3 S
S F TP
||

xxxxxxx
B L P S
C O PP
2t At A7 92 0" 4% 00 6

a Wall Shear [Pa] b Wall Shear [Pa]

~
S SFFFSFSS S S S S
2 P A% P oF o of of Q'L'b'bo,v"f‘b
o S S8 S G P PP S
R C DARCENIE AR S
| e .
C Wall Shear [Pa] d Wall Shear [Pa]

Figure 4.31: Wall shear stress contour for various angle of curvature during peak
systole in 90%AS

4.9 Effect of angle of downstream curvature on average pressure drop and
diagnostic parameters

Figure 4.32 shows the time average pressure drop for various downstream
curvature angles. For a given percentage area stenosis, the time average pressure drop
increases with increase in downstream angle of curvature. The significant increase in
pressure drop was found as the downstream curvature increases for a given percentage
area stenosis. The increase in time average pressure drop from 6.34 mmHg to 9.71
mmHg, 12.13 mmHg to 17.8 mmHg, and 25.99 mmHg to 34.62 mmHg, was found as
the curvature increased from 0° to 120° for 70%, 80% and 90% AS models. These
results indicate that the downstream curvature raises the flow resistance in addition to

the resistance caused by the presence of area stenosis. Therefore, the highest pressure
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drop was observed for minimal area of cross section (90%AS) and the downstream

curvature contributes to the additional pressure drop in the curved coronary artery.
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Figure 4.32: Variation of time averaged pressure drop across the stenosis in 70%, 80%
and 90% AS for various angle of curvature

4.10 Effect of angle of downstream curvature on fractional flow reserve (FFR)

The figure 4.33 shows the significant decreases in FFR as the percentage areas
stenosis increases. It is also found that as the downstream curvature increases the FFR
decreases for a given percentage area stenosis in stenosed curve artery. As the angle of
downstream curvature changes from 0 to 120 degree, the FFR decreased from 0.91 to
0.86 (5%), 0.81 to 0.74 (8%) and 0.61 to 0.53 (13%) in 70% 80% and 90%AS, coronary
models respectively. These results show that the downstream curvature in stenosed
artery contributes to the additional decrease in FFR. The highest decrease in FFR was
observed for severe stenosis (90%AS) as compared to intermediate stenosis (70%AS,
and 80%AS). The computed values of FFR were plotted for the best fit approximation

with linear correlation R2= 0.97. A horizontal line was drawn at FFR = 0.75 which
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represents the cut-off value to determine a range of AS with possible misdiagnosis as
shown in figure 4.34 This horizontal line intercepted the FFR—AS lines intersect at
77.43% and 81.63% in straight and 120-degree curve artery. As the percentage area
stenosis increases the pressure drop increases across the stenosis and this is owing to the
momentum changes caused by the increase in flow velocity across the stenosis
configuration. The significant difference by statistical analysis was observed in pressure
drop for a fixed percentage area stenosis and pressure derived FFR between straight and
downstream curved arteries. The current results show that the value of FFR calculated
across the stenosis is significantly higher in 0-degree downstream curvature as
compared with the 120-degree downstream curvature stenotic model for a fixed
percentage area stenosis. The FFR derived from pressure drop across the stenosis
decreases with the increase in percentage area stenosis. Figure 4.35 shows a comparison
of FFR for straight stenosed artery models obtained in the present study with the
numerical results presented previously by Konala et al.(Konala et al., 2011) for 70%,
80% and 90% AS with rigid wall and rigid plaque models. The FFR value reflects the
functional severity of stenosis. It is noted that a FFR of less than 0.8 is functionally
significant. If FFR drops less than 0.75 then clinicians recommend an angioplasty or
coronary artery bypass graft (CABG). For the cases of FFR values mora than 0.8,
surgical procedure may not be required and the patient is advised to undergo a medical
therapy. Thus, FFR can guide the clinicians as what type of medical treatment to be
adopted. The FFR gray zone comprises a mere 5% difference (i.e., 0.75 to 0.80), which
falls under intermediate stenosis severity. The variation in downstream curvature of the
artery strongly affect the pressure drop across the stenosis and hence the FFR, for a
given percentage area stenosis as confirmed by the current study. For AS <77.43%, the
FFR values for both the models (0 and 120 degree) were well above the cut-off value of

0.75 and for AS < 81.63%, the FFR value for 120 degree curved model was observed
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below the cut-off value whereas the other models (O degree) show above the cut-off
value of 0.75. This clearly indicates that stenosis severity would be misdiagnosed when
the curvature effect is neglected that generally happens if judgement is just based on
image of the artery. From the well-established cut-off value of FFR = 0.75 for single
vessel CAD, we found a region of uncertainty in evaluating the anatomical significance
of stenosis severity between 77.43 and 81.63% AS by plotting a linear approximate
correlation between FFR and per cent AS. Our numerical analysis is to demonstrate
proof of concept of influence of artery wall curvature on the anatomical assessment of

stenosis severity that needs to be tested in human arteries.
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Figure 4.33: Variation of FFR with the angle of curvature in 70%, 80% and 90% AS
models
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Figure 4.34: Variation of FFR value for straight and 120 degree models

The variation of Pressure drop coefficient (CDP) and Lesion flow coefficient
(LFC) for the different angle of downstream curvature is depicted in figure 4.35 and
figure 4.36 respectively. The CDP and LFC was calculated by using pressure difference,
flow and stenosis geometry in all the severity models. It is observed that for a given
percentage area stenosis, the CDP increases from 9.43 to 14.46, 20.35 to 29.87 and
89.86 to 119.71 in 70% 80% and 90%AS respectively, as the angle of downstream
curvature increases from 0 to 120 degree. Whereas, it is found that the LFC value
decreases from 0.76 to 0.61, 0.88 to 0.73 and 0.96 to 0.83 in 70%, 80% and 90% AS

respectively as the angle of downstream curvature increases from 0 to 120 degree.
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4.11 Influence of stenosis in realistic patient left coronary artery on hemodynamics

The following section describes the blood flow analysis of realistic coronary
artery of 37 year old male patient suspected of coronary artery disease. A sample of
multi-slice CT scan image acquisition was performed with 128-multislice scanner. The
images were obtained by the producer described in detail as in section 3.7, of chapter
3. The DICOM images obtained from the patient was imported into the commercially
available software MIMICS. By using the thresholding function and creating a 3D mask
an optimized model of left coronary arteries with side branches were segmented. The
surface models with and without stenosis was modelled by removing the soft tissues and
saved in stereolithography (STL) for meshing. Further, the optimized meshed geometry
was imported in CFX to analyze the flow behavior. The pulsatile pressure is applied at
inlet and outflow boundary conditions was applied with the flow ratio through all the
side-branches, following the Murry law. Figure 4.37 demonstrates the pressure
variations in the normal and stenosed left coronary arterial segment during the systolic
and diastolic period. The pressure contour shows the pressure distribution in normal
coronary artery, ranging from 14630Pa to 13540Pa during the peak systole (1.2 s). A
pressure drop was observed immediate after the stenosis area from 14360Pa to 14270Pa
as compared with the normal coronary artery models during the peak systole. Similarly,
a drop in pressure was found from 9905Pa to 9816Pa for the diastole period (1.51 s)

during the cardiac cycle.
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Figure 4.37: Pressure contour with and without stenosis coronary artery for the time a)
and c) systole 1.2 s b) and d) diastole 1.51 s

The flow pattern in normal as well as stenosed left coronary artery is depicted in
figure 4.38 during systolic and diastolic period of cardiac cycle. It can be clearly noticed
that the velocity was found to increase across the stenosed region as compared to the
normal left coronary artery. It is observed that flow velocity increased in the range from
4.0x10™ m/s to 3.556x10™ m/s in stenosed coronary artery as compared with the normal
coronary artery (1.778x10™" m/s to 1.333x10™ m/s). Similarly an increased flow pattern

in the range from 4.0x10™ m/s to 3.556x10™ m/s was also seen in stenosis artery as
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compared with the normal coronary artery across the plaque region during the diastole.
A recirculation zone was also observed immediate after the stenosed region, which
results in further development of the plaque, however a smooth velocity profile was

observed in case of normal coronary artery.
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Figure 4.38: velocity contour with and without stenosis coronary artery for the time a)
and c) systole 1.2 s b) and d) diastole 1.51 s
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The distribution of wall shear stress in normal and stenosed left coronary artery
models during the systolic and diastolic period is shown in figure 4.39. The wall shear
stress across the stenosis is found to be increased as compared with the normal left
coronary artery model. The wall shear stress in the normal artery is found to be within a
range from 0 Pa to 3.5 Pa. However, the same region with stenosis is found to have wall
shear stress in the range of 10.17 to 15.25 Pa. Similarly, for diastolic phase, the normal
coronary artery has wall shear stress in the range from 0 Pa to 3.5 Pa which increased to
the range from 10.17 Pa to 15.25 Pa for the stenosed artery. A high wall shear stress
across the stenosis was due to the increase in the velocity at the stenosis that could lead
to the aggravation of platelets activation, thinning of fibrous cap and the rupture of

coronary artery (Chaichana et al., 2013a, 2013b; Feng et al., 2012).
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Figure 4.39: Wall shear stress contour with and without stenosis coronary artery for the
time a) and c) systole b) and d) diastole

4.12 Influence of stenosis on pressure in various individual patients of coronary
artery disease

The following section describes the blood flow analysis of realistic coronary
artery of 4 patients. The models a,b,c and d in following figures belongs to patients
2,3,4 and 5 as shown in table 3.4. The four male patients, suspected of coronary artery
disease of age between 39 to 49 year old were considered in this section. The location of
stenosis more than 50% AS is shown in table 3.4. The CT scan data of four patients

were obtained as described in section 3.7 of chapter 3. The images were saved in
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DICOM format, and later imported to commercially available software MIMICS to
study the blood flow behavior in these patients. Figure 4.40 illustrates the pressure
variation in the left coronary artery of all four patients due to the stenosed area in the
artery. It is evident from figure 4.40 that the pressure of the blood flow decreases in the
post stenosed area, which is common phenomenon due to obstruction presented by
presence of stenosis in the blood flow pathway. The stenotic resistance increases the
pressure due to blockage effect in the area before stenosis whereas the pressure drops
due to expansion after the stenosis. The pressure drop is one of the important parameter
in assessing the severity of stenosis. The fractional flow reserve (FFR) which is used as
judgment tool to assess the severity of blockage is based on pressure drop across the
stenotic region. Higher the pressure drops, sever is the condition of patient. The
variation of pressure depends on the blood flow rate dictated by various physiological
conditions. The pressure drop across the stenosis at LAD branch is found to be in the
range of 14300 Pa to 13670 Pa as shown in figure 4.40a. The pressure drop in figure
4.40b is in the range from 11490 Pa to 11230 Pa across the stenosis at LCX branch.
Similarly, the pressure drop is found to be in the range of 10540 Pa to 10300 Pa and
11000 Pa to 10780 Pa respectively for the stenosis located at LAD as seen in figure

4.40c and 4.40d respectively.
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Figure 4.40: Visualization of pressure distribution of four patient in the left coronary
artery for time step 1.2s

4.13 Influence of stenosis on velocity in various individual patients of coronary
artery disease

Figure 4.41 demonstrates the change in velocity due to the stenosed area in the
artery during the hyperemic conditions for 1.2s time step. It should be noted that the
results are presented at 1.2s which is peak velocity phase in the cardiac cycle. The
velocity increases at sharp rate at the stenosis region. This happens because of

conversion of pressure energy into kinetic energy due to pressure drop. The velocity is
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found to be affected beyond the stenosis region due to the reduction in the arterial area.
The blood

velocity increased from 0.95 m/s to 1.67 m/s at the LAD (Figure. 4.41a), whereas the
increment of 0.8 m/s to 1.6 m/s could be seen at the LCX as shown in figure 4.41b. In
the same way the velocity increased from 0.94 m/s to 1.69 m/s at LCX figure (4.41c)
and from 0.78 m/s to 1.4 m/s. at LAD (figure 4.41d). The increment of velocity is
consistent with other studies being carried out for normal flow conditions (Chaichana et
al., 2013a, 2013b; Chaichana, Sun, & Jewkes, 2013c). A recirculation area immediate to
the stenosis was noticed which leads to low wall shear stress. The recirculation area is
created due to low pressure zone thus having very low velocity blood flow pertinent to
that particular area. The absence of sufficient blood flow hinders the cleaning of
adhesives such as fat or calcification etc. in that particular region. Thus it renders the
recirculation region into a safe place for deposition of undesirable material. According
to the analysis it is found that low velocity region at post stenosis could lead to the

formation of new stenosis.
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Figure 4.41: Visualization of velocity pattern of four patients in the left coronary artery

4.14 Influence of stenosis on wall shear stress in various individual patients of

coronary artery disease

for time step 1.2s

The effect of stenosis on the wall shear stress is depicted in figure 4.42 The wall

shear stress has significance due to its role in determining the artery strength. The

higher wall shear stress may lead bursting or rupturing the arterial wall. It is well known

that the high wall stress may create ruptures and low wall stress helps in fatty or other

undesirable substances to get deposited on arterial walls thus further increasing the
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stenosis region. It is also reported that the normal LAD has a wall shear stress value of
12 Pa (Su et al., 2014)(Su et al., 2014). It is noted that the wall shear stress is also
significantly increased across the stenosis at LAD and LCX branches. The maximum
significant wall shear stress for four patients is found to be 91 Pa, 50 Pa, 65 Pa and 51
Pa respectively as illustrated in figure 4.42a, 4.42b, 4.42c and 4.42d respectively. The
finding of this study could be useful in predicting the progression of atherosclerosis in
the coronary arteries. The previous studies reported that stenosis frequently occurred
near the bifurcation, due to the angulation between LAD and LCX and tortuosity which
could lead to low wall shear region at bifurcations. The highest wall shear stress to be
observed was that of 91 Pa at LAD model (figure 4.42a). This is very high value

compare to the normal condition of no stenosis.
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Figure 4.42: Wall shear stress distribution of four patient in the left coronary artery for
time step 1.2s

4.15 Effect of various degree of stenosis on hemodynamic parameters in normal
and stenosed left coronary artery

It is seen from various studies that the stenosis could be formed in various
degrees of area blockage and also it may occur at different locations along the coronary
artery. It is really hard to get the specific patient having a specified area of stenosis at a
given location. Since the current study is focussed to study the influence of AS of 70%,
80% and 90%, we could not get the patient having exact above mentioned blockage area
and also the desired location of those blockages. Thus we had to rely on Mimics
software to create the stenosis of desired blockage area and location on real artery. Thus
current section (section 4.15) is dedicated to investigate the blood flow of artery having

stenosis at main stem. The artery in this model belongs to a male subject of age 46 as
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shown at table 3.4(patient 3). Figure 4.43 illustrates the pressure distribution for normal
and stenosed coronary artery with different percentage of stenosis during the cardiac
cycle of 1.2s. The pressure drop in normal left coronary artery is in the range from
14650 Pa to 14160 Pa as shown in figure 4.40a. For a 70% area stenosis at the main
stem as shown in figure 4.43b, the pressure drop across the stenosis is in the range from
11250 Pa to 10710 Pa. The pressure drop is increased as the percentage area stenosis at
the main stem increases, in the range from 7772 Pa to 6267 Pa and -4029 Pa to -7662 Pa
respectively for the 80% AS and 90%AS as shown in figure 4.43c and figure 4.43d
respectively. The severity of stenosis is assessed by the pressure drop across the stenosis
region by using a standard parameter such as fractional flow reserve (FFR). Figure
4.40d shows a higher pressure drop across the stenosis as its percentage areas stenosis is

90% AS, which results in severe condition for patient.
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Figure 4.43: Pressure distribution in left coronary artery for 1.2s during the cardiac
cycle a) Normal b) 70% AS c) 80% AS d) 90% AS

Figure 4.44 shows the pressure variation in 2D plane just before stenosis, at the
center of stenosis and just after the stenosis area for normal artery suffering from, 70%
AS, 80% AS and 90% AS respectively. It is very clear from figure 4.44 that the pressure
in the converging region or just before stenosis increases significantly due to resistance
offered to blood flow by narrowing area of stenosis. It is noted that the pressure near the
start of stenosis increased by 70% for 90% AS, as compared to the case of normal
artery. Similarly, the pressure for 90% as compared to normal artery at the middle of

stenosis and just after stenosis has decreased by 131% and 10% respectively.
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Figure 4.44: Cross sectional plane for 70%AS, 80%AS, and 90%AS at a) before
stenosis b) mid stenosis and c) after stenosis

Figure 4.45 shows the velocity pattern for normal and stenosed coronary artery
with various percentage area stenosis during the cardiac cycle for 1.2s. The velocity
increases sharply across the stenosis region as compared with the normal coronary

artery model. The blood velocity was observed for 70% AS model is in the range from
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1.4m/s to 2.24m/s as shown in figure 4.45b. It is found from figure 4.45b and figure
4.45c that velocity further increases in the range from 1.6m/s to 2.5m/s and 2.6m/s to
4m/s respectively, as the percentage area stenosis increases from 70%AS to 80%AS
across the stenosis. The higher velocity was seen for the 90% AS in the range from
4.2m/s to 7.1m/s as shown in figure 4.45d as compared to the other models. It should be
noted that the hyperemic condition arises due to various reasons such as increased
demand of blood as a result of exercises etc. that leads to higher blood flow rate by
increasing the velocity. It further noted that a recirculation zone immediate to the
stenosis is created as compared to the normal coronary artery model. This disturbed
flow helps in fatty or other undesirable substances to get deposited on arterial walls thus

further increasing the stenosis region.

YelPg e+000 H 8 heso00

1.773e+000 > 11.773e+000
H.333e+000

1.333e+000 " AL
B.917e-001 \
8.917e-001 \
U.508e-001

4.508e-001

.931e-
Qs?_%]e 003

9.931e-003
[m s*-1]

ocity
2.806e+000

| 2.245e+000

Velocity 3
[ 2.806e+000
5

2.245e+000

| 1.685¢+000
1.685e+000 1.124e+000 %

1.124e+000 5.635¢-001

O
T 2.948e-003
5.635e-001 ns*-1]

2.948e-003
[ms*-1]

114



Veho%i e+000 e!?gi(’y‘gemoo —
3.606€+000 4 36064000 N

2.707e+000
2.707e+000 |
||| 1.808e+000
1.808e+000 |
9.085e-001

9.085e-001 N

A mgs.;_q]se-oos
[m%g]ze-ooa

5.722e+000 || 4.296e+000

4.296e+000 2.870e+000

Velocity e +000
7.148e+000
[ 5.722e+000
3
1.444e+000
2.870e+000
1.810e-002
s
1.444e+000 S
1.810e-002
[m s*-1]

Figure 4.45: velocity distribution in left coronary artery during peak systole a) Normal
b) 70% AS c) 80% AS d) 90% AS

Figure 4.46 depicts the effect of different degree of stenosis on the wall shear
stress. The wall shear stress plays a significance role in determining the artery strength.
Figure 4.46b shows the increase in wall shear stress in the range from 40 Pa to 163 Pa
as compared with the normal coronary model which shows in the range from 40Pa to
125Pa (figure 4.46a). The wall shear stress further increase in the range from 299Pa to
598Pa and 403Pa to 807Pa, as the percentage AS increases to 80% AS and 90% AS, as
sown in figure 4.46¢ and figure 4.46d respectively. Thus higher wall shear stress may

lead bursting or rupturing the arterial wall. It is well known that the high wall stress may
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help in rupture. This study shows that different degree stenosis in left coronary artery

produces a significant effect on the flow pattern and wall shear stress.
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Figure 4.46: wall shear stress distribution in left coronary artery during cardiac cycle a)
Normal b)70% AS c)80% AS d)90% AS
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At hyperemic condition the time average pressure drop and pressure proximal to
stenosis along with the Fractional Flow Reserve (FFR) values calculated and reported in
table 4.1 The results of the current section provide the necessary information on the
effect of various percentage of stenosis on the hemodynamic parameters in the left main
stem. It is found that the FFR value significantly dropped to 0.69 for the case of 90%
AS. The FFR value reflects the functional severity of stenosis. It is noted that a FFR of
less than 0.8 is functionally significant. If FFR drops less than 0.75 then clinicians
recommend an angioplasty or coronary artery bypass graft (CABG). For the cases of
FFR values mora than 0.8, surgical procedure may not be required and the patient is
advised to undergo a medical therapy. Thus, FFR can guide the clinicians as what type
of medical treatment to be adopted. It is very clear from table 4.1 that 90% AS has very
low (0.69) FFR value, indicating that the possible treatment required is that of

interventional procedure instead of just medical therapy.

Table 4.1: Results calculated from the computational simulation for 709%AS,
80%AS, 90% AS

%Area | Hyperemic 5 (Ap) FFR
Stenosis | flow Q ?
(AS) | (ml/min) | MMHg

70% 175 95.8 6.7 0.92
80% 165 109.7 20.7 0.81
90% 115 131.0 40.5 0.69

4.16 Effect of multi-stenosis in left coronary artery on the hemodynamic
parameters with different flow rates
It has been common observation for doctors that the stenosis may develop at

multiple places in same patient. The existence of multiple stenosis endangers the life of
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patient and it could lead to more severity than single stenosis. Thus the current section is
aimed to study the presence of multiple blockages at various locations on coronary
artery. The coronary artery in present section (section 4.16) belongs to patient 3 of table
3.4 and the stenosis is introduced at various locations with the help of Mimics software.
In the case of multi stenosis left coronary artery different degree of multi-stenosis is
placed at various locations across the bifurcations to investigate the effect of those
stenosis on the hemodynamic parameters such as wall pressure, velocity and wall shear

stress for the maximum velocity at 1.2s during the cardiac cycle.

4.16.1 Location of 70% AS at left main stem (LMS) and 80% AS at left circumflex
(LCX) branch

Figure 4.47 illustrates the pressure distribution in a multi stenosed left coronary
artery for various flow rate at 1.2s during the cardiac cycle. In the figure, Left Main
Stem (LMS) of coronary artery has 70% AS and the Left Circumflex branch has 80%
AS. It is observed that the pressure drops across the stenosis. The maximum pressure
drop across the 70% AS at the LMS is in the range from 13300 Pa to 12730 Pa, 14250
Pa to 13460 Pa, 14280 Pa to 13250 Pa and 15140 Pa to 13840 Pa for 100, 125, 150 and
175ml/min respectively, whereas the pressure drop across the 80% area stenosis at the
Circumflex branch is in the range from 12150 Pa to 11580 Pa, 11890 Pa to 11100 Pa,
12210 Pa 11180 Pa and 11260 Pa to 9971 Pa for 100, 125, 150 and 175ml/min
respectively. As expected, the maximum pressure drops for the higher degree of
stenosis. It is also noted that the pressure drop increases with the increase in the blood
flow rate across the higher degree of stenosis. It should be noted that the presence of
secondary stenosis in the Circumflex branch has further complicated the flow behaviour
vindicated in terms of increased pressure drop at the main stem area. The pressure drop

in the main stem has increased by 34% due to secondary stenosis as compared to similar
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conditions of single stenosis (figure 4.43 b). Thus it can be conveniently said that the

severity of patients substantially increases when multiple stenosis are developed.
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Figure 4.47: Pressure distribution in left coronary artery of 70% and 80%AS located at
LMS and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min

Figure 4.48 shows a velocity pattern in a multi stenosed left coronary artery for
various flow rate at 1.2s during the cardiac cycle. It is seen that the velocity across the
stenosis increased. The maximum velocity is found across the higher degree of stenosis
that is across the LCX. The velocity across the 70% AS at the LMS is noted in the range
from 0.76 m/s to 1.0 m/s, 0.95 m/s to 1.2 m/s, 1.1 m/s to 1.5 m/s and 1.3 m/s to 1.7 m/s

for 100, 125, 150 and 175ml/min respectively. Similarly, the maximum velocity across
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the 80% AS in the circumflex branch is in the range from 1.5 m/s 1.7 m/s, 2.2 m/s 2.5
m/s, 2.7 m/s to 3.0 m/s and 3.1 m/s to 3.5 m/s for 100, 125, 150 and 175ml/min
respectively. It is noted that velocity increases with the increases in blood flow rate. A

recirculation zone is also observed immediate after the stenosis.
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Figure 4.48: Velocity distribution in left coronary artery of 70% and 80%AS located at
LMS and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min c) 150mli/min d) 175ml/min
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The wall shear stress distribution in a multi stenosed left coronary artery for
various flow rate at 1.2s during the cardiac cycle is depicted in figure 4.49. The higher
wall shear stress is found across the region of stenosis, and it is maximum for the higher
degree of stenosis. The wall shear stress across the 70% AS at the LMS is noted in the
range from O Pa to 105 0 to 139 Pa, 0 Pa 180 Pa and 0 Pa to 239 Pa for 100, 125, 150
and 175ml/min respectively. This is 1.21 times increase in the wall shear stress due to
presence of secondary stenosis as compared to single stenosis. It is also found that the
wall shear stress increases with the increases in blood flow rate due to the increases in

velocity across the higher degree of stenosis.
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Figure 4.49: Wall shear stress in left coronary artery of 70% and 80%AS located at
LMS and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150mi/min d) 175ml/min

4.16.2 Location of 70% AS at left main stem (LMS) and 90% AS at left circumflex
(LCX) branch

Figure 4.50 demonstrates the pressure distribution in a multi stenosed left
coronary artery for various flow rate having 70% AS at the Left Main Stem (LMS) and
90% area stenosis at the Circumflex branch of coronary artery. It is observed that the
maximum pressure drop is higher for stenosis of 90% blockage. The pressure drop
across the 70% AS at the LMS is in the range from 13390 Pa to 12240 Pa, 15710 Pa to

13970 Pa, 18090 Pa to 15660 Pa and 20670 Pa to 17410 Pa for 100, 125, 150 and
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175ml/min respectively, which is higher than that of secondary stenosis of 80%
blockage. The pressure drop across the 90% area stenosis at the Circumflex branch is in
the range from 5333 Pa to 4182 Pa, 3533 Pa to 1794 Pa, 1080 Pa -1350 Pa and -2127 Pa

to -5383 Pa for 100, 125, 150 and 175ml/min respectively.
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Figure 4.50: Pressure distribution in left coronary artery of 70% and 90%AS located at
LMS and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min
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Figure 4.51 shows the effect of 90% secondary stenosis on velocity profile. The
highest velocity is observed across the higher degree (90% AS) of stenosis. The velocity
across the 70% AS at the LMS is observed in the range from 1.12m/s to 1.5m/s, 1.4m/s
to 1.87 m/s, 1.68 m/s to 2.24 m/s and 1.95 m/s to 2.6 m/s for 100, 125, 150 and
175ml/min respectively. Similarly, the highest velocity across the 90% AS in the
circumflex branch is in the range from 3.37m/s 3.75m/s, 4.21m/s 4.67m/s, 5.0m/s to
5.6m/s and 5.8m/s to 6.52m/s for 100, 125, 150 and 175ml/min respectively. This is
higher than its corresponding values for 80% secondary blockage. The blood flow
variation across the coronary artery could lead to detrimental effects and this is believed
to play an important role in the biological mechanism that lead to the state of coronary
artery disease. Especially the areas of low blood velocity and recirculation zones are
potentially prone areas of further stenosis development (Chaichana et al., 2012, 2013b;
Fuster, 1994). It is seen that the circulation zone increased due to increase in secondary

blockage.
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Figure 4.51: Velocity distribution in in left coronary artery of 70% and 90%AS located
at LMS and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min

Figure 4.52 shows the wall shear stress for 90% secondary stenosis. The maximum wall
shear stress is found at the higher (90% AS) degree of stenosis. The wall shear stress at
the region of artery is 0.02 Pa to 269 Pa, 0.011Pa to 339Pa, 0.029Pa to 405Pa and
0.04Pa to 470Pa for 100, 125, 150 and 175ml/min respectively. This is very clear that
the increased blockage at secondary level has further increases the wall shear stress.
This would be an alarming situation for patients having such condition due to high risk

of artery rupture.
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Figure 4.52: Wall shear stress in in left coronary artery of 70% and 90%AS located at
LMS and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min

4.16.3 Location of 70% AS at left anterior descending (LAD) and 90% AS at left
circumflex (LCX) branch

It is seen in previous sections that the presence of secondary stenosis on
branches of coronary artery can have significant effect on blood flow behaviour. It is
well known that the location of stenosis has direct impact on the flow behaviour on
artery. The effect of multiple stenosis on left anterior descending and circumflex branch
of coronary artery is described in the following section. The artery in current study

belongs to patient 3 as mentioned in table 3.4. Figure 4.53 represents the pressure
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distribution in a multi stenosed left coronary artery for various flow rates at 1.2s during
the cardiac cycle. Figure 4.53 shows 70% AS at the Left anterior descending (LAD) and
90% area stenosis at the left Circumflex (LCX) branch of coronary artery. This is
different from previous section since both stenosis are present on branches of coronary
artery rather than on main stem as deliberated in previous sections. As expected, the
pressure drop across the stenosis is maximum for the 90% area stenosis as compared to
the 70% area stenosis (AS). The wall pressure across the 70% AS is observed at the
LAD is in the range from 13280 Pa to 12190 Pa, 15670 Pa to 14030 Pa, 18270 Pa to
15970 Pa and 21070 Pa to 17990 Pa for the 100, 125, 150 and 175ml/min respectively.
Similarly the pressure drop across the 90% AS at the circumflex branch is in the range
from 5656 Pa to 4567 Pa, to 4171 Pa to 2529 Pa, 2113 Pa to -196 Pa and -531 Pa to -
3618 Pa for 100, 125, 150 and 175ml/min respectively. It is found that the LAD
develops reasonably high pressure in comparison to that of LCX due to current stenosis
size and location. As expected, the pressure drop across the blockages increases with the

increases in the blood flow rate.
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Figure 4.53: Pressure distribution in left coronary artery of 70% and 90%AS located at
LAD and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min

The velocity pattern in the multi stenosed left coronary artery is depicted in
figure 4.54. It can be clearly seen from the figure 4.54 that the velocity increased across
the stenosis, and it is maximum for the 90%AS at the left circumflex (LCX) branch of
coronary artery. The velocity across the 70% AS at the LAD is observed in the range
from 0.73m/s to 0.36m/s, 0.91m/s to 0.45m/s, 1.0m/s to 0.54m/s and 1.2m/s to 0.63m/s
for 100, 125, 150 and 175ml/min respectively. Similarly the highest velocity across the

90% AS in the circumflex branch is in the range from 3.2m/s to 2.9m/s, 4.0m/s to
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3.6m/s, 4.9m/s to 4.3m/s and 5.7m/s to 5.0m/s for 100, 125, 150 and 175ml/min

respectively.
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Figure 4.54: Velocity distribution in left coronary artery of 70% and 90%AS located at
LAD and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min

129



Figure 4.55 shows the wall shear stress distribution in the multi stenosed left
coronary artery. It is observed that the maximum wall shear stress across the 90%AS at
LCX as compared to the 70%AS at LAD. The wall shear stress across the 70% AS at
the branch LAD is 127 Pa, 167 Pa, 208 Pa and 249 Pa for 100, 125, 150 and 175ml/min
respectively. Similarly, the wall shear stress across the 90% AS at the branch LCXis in
the range from 383 Pa, 503 Pa, 625 Pa and 747 Pa for 100, 125, 150 and 175ml/min

respectively.
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Figure 4.55: Wall shear stress in left coronary artery of 70% and 90%AS located at
LAD and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min
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4.16.4 Location of 90% AS at left anterior descending (LAD) and 70% AS at left
circumflex (LCX) branch

This section is aimed to investigate the effect of reversing the size of stenosis on
LAD and LCX as compared to previous section i.e. section 4.16.3. Figure 4.56 shows
the pressure distribution in a multi stenosis of left coronary artery located at LAD
(90%AS) and LCX (70%AS) for various flow rate at 1.2s during the cardiac cycle. As
expected, the pressure drops to greater extent at LAD than at the LCX. It should be
noted that the LAD had very little pressure variations for reverse order of stenosis size
on LAD and LCX (figure 4.53) as compared to present case (figure 4.55). This could be
explained in a way that the angle of branching of LCX is higher than that of LAD for
the artery being analysed. Thus the blood encounters relatively lesser resistance in LAD
than LCX in current model. Thus the pressure variations in LCX are noticeable for LCX
having 70% AS than LAD having 70% AS. It is observed that the angulation of
bifurcation has an impact on blood flow characteristics (Chaichana et al., 2011). It is
found that the pressure drop is higher for the 90%AS at the LAD branch as compared to

the 70%AS at the LCX branch.
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Figure 4.56: Pressure distribution in left coronary artery of 90% and 70%AS located at
LAD and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150mi/min d) 175ml/min

The velocity distribution in the multi stenosed left coronary artery for various
flow rate is depicted in figure 4.57. It can be clearly seen from the figure 4.57 that the
velocity increased across the stenosis, and it is maximum for the 90%AS at the left
anterior descending (LAD) branch of coronary artery. As expected, the velocity across

the higher degree (90%AS) stenosis increases with the increase in the blood flow rate.
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Figure 4.57: Velocity distribution in left coronary artery of 90% and 70%AS located at
LAD and LCX respectively 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min ¢) 150ml/min d) 175ml/min

The wall shear stress distribution in the multi stenosed left coronary artery for
various flow rate is shown in figure 4.58. The maximum wall shear stress is found
across the 90%AS at LAD as compared to the 70%AS at LCX. The wall shear stress
across the 70% AS at the branch LCX is 92 Pa, 130 Pa, 170 Pa and 212 Pa for 100, for
100, 125, 150 and 175ml/min respectively. Similarly, the wall shear stress across the
90% AS at the branch LAD is 138 Pa, 195 Pa, 255 Pa and 318 Pa for 100, 125, 150 and
175ml/min respectively. It is obvious that the LAD has higher risk as compared to LCX.

However, the wall shear stress in the non-stenotic region of artery is lesser for current
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case as compared to its counterpart when LAD and LCX has 70% AS and 90% AS
respectively. The wall shear stress can doubly dangerous. The higher wall shear stress
may lead to rupture the artery. However, the low wall shear stress areas are known to be
prone to development of stenosis (Delfino, Stergiopulos, Moore, & Meister, 1997;

Dobrin, Littooy, & Endean, 1989; White et al., 1993)
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Figure 4.58: Wall shear stress in left coronary artery of 90% and 70%AS located at
LAD and LCX respectively for 1.2s during the cardiac cycle for various flow rate a)
100ml/min b) 125ml/min c) 150ml/min d) 175ml/min
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4.16.5 Severity analysis of different stenosis size and location

The previous sections have described the presence of two stenosis at various
locations along the coronary artery. The study is further explored by varying the
location of stenosis at branches and sub branches of left coronary artery. The current
study comprised of 10 models having varying size and location of two stenosis. Figure
4.59 shows the locations of those 10 models considered along with table 4.1 showing
the size and location of each model studied. It is known that the pressure drop in the
artery due to presence of blockage areas can be taken as an indicator of the health of
diseased artery. Thus the current study is focussed to assess the severity of artery based
on pressure drop across various models being analysed. The models are rated according

to the pressure drop with worse pressure drop getting the rank 1 in severity.

Table 4.2 shows the rating of 10 analysed models. The models were initially
numbered sequentially as per the stenosis position away from main stem and then
ranked according to the highest pressure drop. It is clear from table 4.2 that the model
having 70% and 90% stenosis at Left Main Stem and just after the branching into LCX
respectively is worst affected among all the models being investigated. This could be
attributed to 90% blockage in the LCX that hinders the flow by offering extensive
resistance. This is further vindicated by the fact that all the models that have 90%
blockage at position two are among the worst affected as compared to other model
being investigated. The change of blockage area from 90% to 80% has reduced the
rating to 5. The least affected model among all, is the one having 90% and 70% stenosis
at position 3 and 5 respectively which are located at LAD and sub branch of LCX. It is
obvious from table 4.2 that the stenosis in the LCX has larger pressure drop as
compared to stenosis at the LAD in the artery model belonging to patient 3. This could
be attributed to the fact that the bifurcation angle of LCX is higher than that of LAD of

coronary artery of patient 3. It is known that the atherosclerosis (a disease of the arteries
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characterized by the deposition of plaques of fatty material on their inner walls) tends to
develop at locations where disturbed flow patterns occur such as places where a
coronary angulation is formed between the left anterior descending (LAD) and left
circumflex (LCX). Wide angulation leads to significant flow disturbances in the artery
that are directly related to the formation of plaques (Chaichana et al., 2011) .The LAD
and LCX angles were approximately measured as 31° and 39° respectively. It should be
noted that the severity rating may change in another patient due to change of bifurcation

angle.

Figure 4.59: Various stenosis positions
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Table 4.2: Size and location of stenosis in various models studies

Model No/Position 1 2 3 4 5 6
MODEL 1 70% 80%

MODEL 2 70% 90%

MODEL 3 90% 70%

MODEL 4 90% 80%

MODEL 5 70% 90%

MODEL 6 90% 70%
MODEL 7 90% 70%
MODEL 8 70% 90%
MODEL 9 80% 70%
MODEL 10 70% 80%

Table 4.3: Severity ranking of different models

Severity Rating Model No
1 MODEL 2
2 MODEL 3
3 MODEL 4
4 MODEL 6
5 MODEL 1
6 MODEL 8
7 MODEL 9
8 MODEL 10
9 MODEL 5
10 MODEL 7
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Similarly, the 10 models being studied for multi-stenosis are analysed with respect to
wall shear stress and ranked according to higher to lower wall shear stress being
developed. It should be noted that the high wall shear stress is critical for the health of
the artery wall and it may cause rupture. The various models under investigation are
analysed for wall shear stress and rated according to highest to lowest shear stress as
shown in in table 4.4. It is seen that model 2 that has 70% AS at Left main stem and
90% AS at LCX has highest wall shear stress development. It should be noted that this
particular model is also ranked no 1 with respect to the severity of pressure drop (table
4.3). Thus it can be conveniently said that the combination of 70% AS and 90% AS on
Left main stem and LCX can pose high risk to human life. Model 2 is followed by
model 3, model 4 and model 6 in the severity of wall shear stress rating that also
matches with pressure drop severity as well. However, model 9 has slightly higher wall
shear stress as compared to model 1 but the pressure drop across model 1 is higher than
that of model 9. Model 7 has least wall shear stress as compared to all other models

considered.

Table 4.4: Severity Rating Based on Wall Shear Stress

Rank Positions

1 MODEL 2
MODEL 3
MODEL 4
MODEL 6
MODEL 9
MODEL 8
MODEL 1
MODEL 5
MODEL 10
MODEL 7
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The study is further explored to analyse the transient velocity variation at the main left
stem (point 1) and near the branching point of main left stem into LAD and LCX (point
2). The transient velocity variation is studied for 4 blood flow rates such as 100ml, 125
ml, 150ml and 175 ml, as shown in figures 4.60 to 4.69. As expected, the velocity for
higher flow rate is high in all the models studied. The trend of velocity variation is
found to be similar for all the models corresponding to the cardiac cycle of 1.6 s. It is
further observed that the velocity at point 1 which lies in left main stem is higher than
that of the point near the bifurcation into LCX and LAD. This is due to the obstruction
offered by the bifurcation region. It is seen that the velocity at point 1 does not vary
much for different models. This happens because point 1 is near the inlet boundary of
coronary artery. However, velocity at point 2 reduces significantly when stenosis is

present in the branch and sub-branch of coronary artery.
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Figure 4.60: Velocity profile for model 1 at point 1 and point 2 for various flow rate
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Figure 4.61: Velocity profile for model 2 at point 1 and point 2 for various flow rate
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Figure 4.62: Velocity profile for model 3 at point 1 and point 2 for various flow rate
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Figure 4.63: Velocity profile for model 4 at point 1 and point 2 for various flow rate
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Figure 4.64: Velocity profile for model 5 at point 1 and point 2 for various flow rate
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Figure 4.65: Velocity profile for model 6 at point 1 and point 2 for various flow rate
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Figure 4.66: Velocity profile for model 7 at point 1 and point 2 for various flow rate
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Figure 4.68: Velocity profile for model 9 at point 1 and point 2 for various flow rate
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CHAPTER 5: CONCLUSION

5.1 Conclusions

For a given percentage area stenosis, the different shapes of stenosis affect the

intraluminal flow and hence the changes in diagnostic parameter FFR were observed in

all the three models (triangular, elliptical, and trapezium). The following conclusion are

drawn from hemodynamic analysis of coronary artery model

The increase in percentage area stenosis, increase the velocity profile inside the
blockage region.

The pressure drop is highest in case of trapezoidal stenosis and least for
triangular shape for same area blockage due to stenosis thus the severity level of
patients increases in case of trapezoidal geometry.

The arterial wall is more prone to rupture due to trapezoidal stenosis than the
elliptical or triangular shapes.

The shape of stenosis has significant impact on the hemodynamic that should

not be neglected in clinical decision making.

In case of the investigation of curvature angle, the following conclusion can be drawn

from this study

The blood behavior is substantially affected by the combined effect of stenosis
and the curvature of artery.

The presence of curvature provides low blood flow region at the lower wall of
artery creating a potential stenotic region.

The blood flow recovery is least for the smaller curvature angle
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The upper wall of artery after stenotic region is subjected to high shear stress

due to curvature effect.

In case of study to investigate the effect of stenosis on the various hemodynamic

parameters in 4 suspected patients in vivo models, the following conclusion could be

drawn.

The changes in the hemodynamic parameters would result in corresponding
changes in the local blood flow conditions leading to the abnormalities in the
coronary arterial conditions.

The effect of the stenosis on the pressure variation could lead to the worsening
of the atherosclerosis in the patients leading to the complications in the normal
functioning off the heart.

The high wall shear stress at the stenosis may increase the potential risk of
stenosis rupture.

The recirculation region at post stenosis could lead to the formation of stenosis.

For the case of different degree of multi stenosis present at various locations in the left

coronary artery, the following conclusion can be drawn.

The pressure drops is maximum across the higher degree of stenosis in multi
stenosed models.

The most affected model is that of having 70% and 90% area stenosis
compared to other models studied.

The least effect of stenosis on the pressure was found for the model having
stenosis having 90% and 70% stenosis at position 3 and 5 respectively which are

located at LAD and sub branch of LCX.
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5.2 Recommendation for future research

In the current study, a computational fluid dynamic analysis on the idealistic and
realistic patients specific left coronary artery models with the various parameters such
as effect of different shapes of stenosis, angle of downstream curvatures, effects of
various degree of stenosis and their locations in the patient specific left coronary artery
models on the hemodynamic as well as on the diagnostic parameters have been studied
and found important clinical information. The following proposals are put forward for

future research work:

e The coronary artery models considered in the whole computational fluid
dynamic studies as rigid artery wall rather than elastic, there for the simulation
does not reflect the fully realistic physiological conditions. Hence in future the
realistic patient’s specific coronary artery models with elastic artery wall could
be considered in future research.

e The study could be extended to right coronary artery
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