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Abstract

The aortic valve of a human heart is located between the left ventricle and the aorta. Its
function is to open during the systole, allowing the blood to flow to the aorta in order to feed
the organs and close during the diastole, preventing blood flow back into the left ventricle.
Disease can lead to dysfunctionalities of the aortic valve and affect its performance. Calcific
aortic valve disease (CAVD) is one of the most common valvular heart diseases which causes
malfunctioning of the aortic valve leading to stroke, aortic aneurysm, heart attack and failure
over time. Over the past few decades, researchers have investigated the effects of stenosis of
the aortic valve on its hemodynamics and performance using in-vitro and in-vivo experiments,
as well as numerical models.

In-vitro experimentation and in-vivo measurements are broadly used for the investigation
of the effect of aortic valve stenosis on the hemodynamics in the aortic root and the
performance of the aortic valve. Numerical methods also play an important role in the
modelling of the stenosis of the aortic valve and have obtained considerable attention in
biomechanics application due to their very cost effective nature. Significant developments have
been made in modelling the stenosis of the aortic valve and the effects on its hemodynamics
and malfunctioning, however, the influence of vortex structures in the sinus on the aortic root
and the coronary artery hemodynamics, as well as the performance of the valve and its
correlation with the development of CAVD, are still unknown.

The aim of this thesis is to develop an understanding of the flow behaviour inside the
sinus cavity of the aortic valve in order to predict the shear stress distribution on the aortic
valve leaflets and its correlation with CAVD. This aim has been achieved by answering the
following research questions: (i) how stenosis of the aortic valve affects the aortic root and
coronary artery hemodynamics; (ii) how the geometrical parameters of the aortic valve, such
as the locations of the coronary artery ostia and the shape of the sinuses, influences the sinus
hemodynamics, especially vortex structures within the sinuses; (iii) what are the effects of
coronary artery stenosis on the shear stress distribution on the aortic valve leaflets; (iv) how
vortex structures in the sinuses can change the wall shear stress distribution on the leaflets and
its correlation with CAVD. In order to answer all of the above-mentioned questions and achieve
the main objective of the project, the following tasks have been defined:

% A brief overview of cardiovascular heart diseases with a focus on valvular heart
diseases, and various techniques frequently used for diagnostics and treatment of
stenosis of the aortic valve has been provided.

% A comprehensive review of different techniques used for modelling aortic valve
stenosis has been provided with a focus on the numerical Fluid-Structure Interaction
(FSTI) method and its advantages in modelling.

% Two dimensional models of a healthy and a stenosed aortic valve have been extracted
from the 2D echocardiography images available in the literature and developed in
ANSYS- Fluent software.




% Dynamic motion simulation of the aortic valve leaflets have been used to investigate
the effects of stenosis of the aortic valve on the sinus vortex structures, coronary artery
hemodynamics, wall shear stress on the leaflets and its correlation with CAVD.

% A unique test rig has been designed, fabricated, and used for validation of the
transvalvular pressure gradient and flow rate profile of the aortic valve. The test rig
experimentally replicates the left ventricle of the heart and is capable of producing the
heart beat flow conditions of different patients. The flow rate profile of the aortic valve
and the pressure difference through the aortic valve are measured and compared with
the simulated results.

The developed model is capable of mimicking the dynamic motion of the aortic valve
leaflets and predicting the wall shear stress distribution on the leaflets, which is associated with
CAVD. The most important findings of the project showed that the wall shear stress
distribution on the leaflets is highly dependent on the geometrical parameters of the aortic
valve, such as the locations of the coronary artery ostia, as well as the shape of the sinuses. For
example, an aortic valve with proximal coronary artery ostia experiences lower ranges of wall
shear stress distribution on the leaflets. This means that a healthy valve with proximal coronary
artery ostia are more prone to calcification over time in comparison with a healthy valve with
distal and middle coronary artery ostia. Furthermore, the results demonstrated that a severely
calcified aortic valve exhibits a lower range of wall shear stress distribution on the leaflets with
higher probability of having smaller wall shear stress on the leaflets compared to a healthy
valve.
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Nomenclature

ALE
AVA
AVS
AWSS
CAVD
CCW
CFD
Cw
FEA
FD

FSI
STJ
TPG
VHD
VO
VOD
WSS

Arbitrary Lagrangian-Eulerian
Aortic valve area

Aortic valve stenosis

Average wall shear stress
Calcific aortic valve disease
Contraclockwise
Computational fluid dynamics
Clockwise

Finite element analysis

Finite difference

Fluid structure interaction
Sinotubular junction
Transvalvular pressure gradient
Valvular heart disease

Valve orifice

Valve orifice diameter

Wall shear stress
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Chapter 1 Introduction

Chapter 1

Introduction and Motivation of Research

1.1 Introduction

In the following sections, the anatomy and physiology of the heart and aortic valve, the
characteristics of the coronary artery blood flow, and the prevalent heart diseases associated
with the aortic valve, particularly calcific aortic valve disease (CAVD), are explained.
Treatments for aortic valve disease such as different methods of aortic valve replacement
(AVR) are also presented. The motivation and objectives of this project are defined. Finally,
the outline of this thesis and information included in different chapters are extensively outlined.

1.2 Anatomy and physiology of the heart

The heart is the primary organ of a cardiovascular system. Its function is to pump blood
throughout the entire body during the cardiac cycle in order to provide blood to the different
organs. The heart comprises two main chambers of left and right atriums [1]. The ventricular
septum (shown in Figure 1.1), is a large muscular wall within the heart which separates the
heart into two sides, right and left. Each side of the heart is separated into two interior and
superior chambers known as the ventricle and atria, respectively [2]. The main function of the
left side of the heart is to circulate oxygenated blood flow into the body via systemic
circulation, while the right side of the heart has responsibility to oxygenate the oxygen-poor
blood by pumping it into the lungs for absorbing fresh oxygen and exchanging gas through
pulmonary circulation [3].
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Figure 1.1 Anatomy of the heart [4]

1



Chapter 1 Introduction

1.2.1 Heart valves

During a cardiac cycle, unidirectional blood flows through the different chambers of the
heart via four valves, including the mitral and aortic valves within the left side of the heart, and
the pulmonary and tricuspid valves in the right side of the heart [5]. The mitral and tricuspid
valves are located between the superior and interior chambers of each side of the heart, while
the aortic and pulmonary valves are positioned between each ventricle and their corresponding
artery [6].

The cardiac cycle encompasses two phases; systole and diastole. During the diastole
phase, the blood flow returning from different organs is accumulated in the right atrium which
leads to an increase in the right atrium pressure [7]. When the pressure inside the right atrium
exceeds the right ventricle pressure, the tricuspid valve opens (shown in Figure 1.2a) and
allows blood to flow into the right ventricle. A similar scenario occurs inside the left atrium in
which the oxygenated blood returns from the lungs, increasing the left atrium pressure. Due to
the increased pressure, the mitral valve opens and allows the blood to flow into the left
ventricle. During the systole phase (as shown in Figure 1.2b), when the heart starts a pumping
cycle, the ventricular pressure increases and opens the aortic valve. The ejected blood from the
left ventricle flows into the aorta to feed the organs. By the end of a systole, the muscles of the
heart relax and the diastole phase restarts [8].
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Closed
( ) Aortic valve (open)
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Left
ventricle

Bicuspid (Mitral) valve  Tricuspid valve Bicuspid (Mitral) valve Tricuspid valve
(open) (open) (closed) (closed)

(a) (b)

Figure 1.2 Schematic view of heart valve function during (a) diastole and (b) systole phases [9]

1.2.2 Anatomy and physiology of the left ventricle and aortic valve

The left ventricle (LV) is the largest chamber inside the heart and is located at the bottom
left of a heart. It has a thick muscular wall which expands and contracts during a cardiac cycle
to provide the organs with sufficient blood flow [2]. During the systole, the contraction of the
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left ventricle increases the LV pressure from 0 mmHg to 120 mmHg (shown in Figure 1.3)
which is the peak pressure at the systolic phase. The increased pressure overcomes the
resistance of the aortic valve and opens it. As the valve opens, the oxygenated blood flows into
the aorta and all the other organs. The cardiac output (CO) is a parameter which quantifies the
functionality of the heart and is defined as the product of heart rate and stroke volume. CO for
adults is approximately 5 L/min. Stroke volume and heart rate for adults are typically 70 ml
and 70 beats per minute [3].
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Figure 1.3 Aortic, arterial, ventricle pressure profile, ventricle volume, electrocardiogram,
phonocardiogram of the human body during the cardiac cycle [9]. The opening/closing times of the
aortic/mitral valves during systole and diastole are shown. The range of the aortic pressure as well

as the ejection volume per millilitre are illustrated.

The aortic valve (AV) opens because of the positive transvalvular pressure gradient
(TPG) generated between the LV (reaches to 12 mmHg) and the aorta (changing from 80
mmHg to 120 mmHg). It closes during the diastole due to the negative TPG generated between
the LV (with pressure 0 mmHg) and the aorta with 80 mmHg pressure [1].

The AV comprises two or three leaflets positioned inside a region known as the aortic
root at the base of the aorta. Sinuses are located between the aortic root and the aorta, which
are known as the sinuses of Valsalva. There are three sinuses named: the left posterior aortic
sinus, the anterior aortic sinus, and the right posterior aortic sinus. These sinuses encompass
only two coronary artery ostia which are the connectors between the left/right posterior sinuses
and their corresponding coronary arteries (right and left coronary arteries) as shown in Figure
1.4. The leaflets of the AV consist of three different regions including the base, belly and tip
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of the leaflets [2]. The bottom section of the leaflet is called the base which connects the leaflets
to the wall of the sinuses. The top free edge of the leaflets is called the tip and the belly is the
section between the free edges and the base of the leaflets. Each leaflet has three layers named
fibrosa, spongiosa and ventricularis [10]. The fibrosa layer of the leaflets is on the aorta side
and made of collagen fibres, interstitial cells, elastin fibres and endothelial cells, the
combination of which provide strength, flexibility, and structural integrity of the leaflets as
well as protection from cell infiltration and lipid accumulation. The ventricularis layer of the
leaflets is on the LV side and consists of more interstitial and endothelial cells which provide
the required bending strength for the leaflets during the systole and diastole phases. The
spongiosa layer of the leaflets is positioned between the fibrosa and ventricularis layers of the
leaflets which, in turn, has the function to damp the dynamic motion of the leaflets [11].
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Figure 1.4 (a) Position of the aortic valve inside the heart (b) A schematic view of the left and right
sinus cavity with its corresponding coronary artery ostia [12]

1.3 Characteristics of the coronary artery blood flow

The coronary arteries are responsible for providing sufficient blood to feed the heart
itself. They originate from the right and left coronary artery ostia within the sinuses (as shown
in Figure 1.5) [13]. At the early systole, when the heart starts a pumping cycle and the aortic
valve starts to open, the coronary artery blood flow rate increases. At peak systole, when the
valve is completely open, the coronary artery blood flow rate decreases due to the myocardial
contraction which originates from the arterial resistance [14]. Generally, at peak systole the
heart muscles expand which leads to a reduction in the diameter of the coronary artery. This
reduction in the diameter of the coronary arteries leads to a decrease in the coronary artery flow
rate. At early diastole, when the heart muscles relax and the aortic valve is closed, a back-flow
is generated in the cavities of the sinuses because of the pressure difference between the left
ventricle and aorta, and flows through the coronary arteries and increases the coronary artery
blood flow rate [15].
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The presence of coronary artery flow plays an important role in the aortic valve
hemodynamics. Due to the formation of complex vortex structures in the sinus cavity, the
coronary artery blood flow affects the dynamics of the leaflets during the cardiac cycle. The
vortices generated in the sinuses not only affect the dynamic motion of the aortic valve but also
change the hemodynamic parameters in the aortic root, the cavities of the sinuses and the
coronary arteries. Changes in the hemodynamic parameters in the coronary arteries and the
aortic sinuses are the main reasons for aortic valve and coronary artery diseases [16].
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Figure 1.5 Schematic view of the position of the left and right coronary arteries [4]

1.4 Aortic valve diseases

Valvular heart disease (VHD) is one of the main causes of mortality and morbidity across
the world. VHD is mainly categorised into congenital and acquired valvular heart diseases, in
which acquired VHD is the most prevalent type, especially among adults. Acquired VHD is
caused by long term injuries or diseases such as myxomatous degeneration, endocarditis,
rheumatic fever, and calcification of the leaflets. Generally, Aortic Stenosis (AS) and Aortic
Regurgitation (AR) are the most common diseases associated with VHD [8].

Aortic Stenosis (AS) is a disease in which the aortic valve opening is narrowed or blocked
(shown in Figure 1.6b) over time because of the stiffening of the aortic valve leaflets [7]. The
stiffened aortic valve leaflets cannot fully open during the systole phase. The incomplete
opening of the valve leads to an increased load on the heart as it works to provide sufficient
blood flow to the organs. As a result the heart muscles become thicker and less flexible
reducing their performance. Furthermore, in order to overcome the increased valve resistance,
the heart has to generate higher pressure which leads to higher blood pressure. These factors
make it difficult for the heart to work in a proper condition. This changes the flow behaviour
as well as the wall shear stress distribution on the leaflets, facilitating calcification on the aortic
valve leaflets and results in heart failure over time [17].

Aortic Regurgitation (AR) is another prevalent disease associated with VHD (shown in
Figure 1.6). AR occurs because the aortic valve is incapable of full closure which results in
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blood being partially returned to the left ventricle [18]. During the diastole, incomplete closure
leads to return of the ejected flow from the heart into the left ventricle. As a result, in each
cycle the heart has to work harder to compensate for the insufficient blood flow. Furthermore,
the blood flow returned to the heart can, in turn, affect the performance of the mitral valve
during the diastole phase when the heart is at rest and the mitral valve opens to refill the left
ventricle. The regurgitated blood flow not only needs to be pumped twice but also enlarges the
left ventricle chamber of the heart. AR disease affects the heart performance and can lead to a
heart attack and failure over time.

Normal valves and blood flow
during heart contraction

Valve with
Stenosis

(b)

Figure 1.6 (a) normal valves and blood flow during heart contraction, (b) Aortic stenosis [12]

1.5 Calcific aortic valve disease

Calcific aortic valve disease (CAVD) occurs when calcium deposits on the aortic valve
leaflets and the valve leaflets become stiffer [19]. CAVD is the third most prevalent heart
disease worldwide [19]. CAVD usually starts with a very low level of calcification on the
leaflets which is called aortic sclerosis. Once aortic sclerosis progresses, the leaflets become
stiffer which results in aortic stenosis (AS) which affects valve performance during the cardiac
cycles and significantly decreases the valve orifice diameter (shown in Figure 1.7) during
opening time.

AS is a very common disease among adults with 1.7% of the worldwide, population
diagnosed with AS. Aortic stenosis has a higher rate of mortality among the valvular heart
diseases so that more than 50% of patients with initial symptoms lose their life within two
years. Shortness of breath, chest pain, fatigue, and murmuring of the heart are the most common
symptoms of CAVD. Calcific aortic valve disease can lead to blocking of the aortic valve,
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coronary artery diseases, and obstruction in the aortic and coronary artery blood flow. It can be
lethal if it is left untreated. Various factors can initiate CAVD and increase its risk. Age, male
sex, smoking, diseases such as hypertension, diabetes as well as higher lipoprotein are the most
common risk factors [20].

Normal Mild Moderate Severe

Figure 1.7 Valve orifice area corresponding to healthy, mildly, moderately, and severely calcified
aortic valve [4]

1.6 Etiologies of calcific aortic valve disease

The most common causes of CAVD are genetic factors which generally affect the process
of osteogenic differentiation and lead to CAVD. For example, higher lipoprotein and
hypertension problems have been identified in patients who are suffering from CAVD [21].
Basically, it is believed that genetic factors and CAVD are interdependent. Beside genetic
factors, valvular abnormal hemodynamics can affect the stress profile on the leaflets. An
abnormal stress profile generated on the aortic valve leaflets can initiate calcium deposition on
the leaflets and result in sclerosis. Over time, sclerosis progresses at a higher degree of
calcification and leads to CAVD [22].

Wall shear stress (WSS) is the fractional viscous stress generated on the aortic valve
leaflets due to the viscosity of the blood flow. The level of the WSS on the aortic valve leaflets
IS a very important factor in determining the stability of the valvular homeostasis. It is believed
that alteration in the level of the WSS on the aortic valve leaflets can lead to endothelial
dysfunction, remodelling of the valve, and inflammatory responses. These changes can result
in the initiation and progression of CAVD [23].

1.7 Treatment of calcific aortic valve disease

Treatments of CAVD used by cardiologists are highly dependent on the severity of the
aortic valve stenosis and consist of invasive and non-invasive techniques. Aortic valve
replacement (AVR) is one of the most common invasive techniques which is used by
cardiologists to treat the aortic valve stenosis. AVR is a technique in which the patient’s valve
is replaced by a bileaflet mechanical or bioprosthetic aortic valve. In this technique,
cardiologists perform surgery in order to replace the diseased valves. On the other hand,
Transcatheter aortic valve replacement (TAVR) is a method in which cardiologists utilise a
catheter to position the artificial valve inside the aorta such that there is no need to perform
open heart surgery. The positioned valve is then inflated and replaces the original valve.

1.7.1 Performance assessment of the aortic valve

In the following sections, first the parameters which are used to diagnose the severity of
the aortic valve are explained. Then, both aortic valve replacement (AVR) and transcatheter

7



Chapter 1 Introduction

aortic valve replacement (TAVR) techniques and their advantage and disadvantage are
explained in detail.

Transvalvular pressure gradient (TPG) and valve orifice diameter (shown in Figure 1.8)
are the two main parameters measured to diagnose stenosis of the aortic valve. After measuring
the valve orifice diameter (VOD), various formulas are utilised to calculate the valve orifice
area based on the continuity mass law, Gorlin [24] or Hakki [25] equations.
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Figure 1.8 Schematic view of the transvalvular pressure gradient (TPG) and aortic valve orifice
diameter [9]

Based on the mass continuity equation, the blood flow rate ejected from the left ventricle
(LV) of the heart (i.e. left ventricle outflow tract (LVOT)) is equal to the blood flow passing
through the valve orifice area (VOA). In order to apply the continuity equation, the time
dependent average velocity (i.e. time velocity integral (TVI)) corresponding to each cross
section area is measured at the LV and VOA based on the electrocardiography technique. To
calculate the cross sectional areas of the LVOT, the diameter of the LVOT is measured using
the data collected by Doppler Echocardiography machines. Then, the aortic valve area can be
calculated based on the continuity equation. Measuring the LVOT diameter based on Doppler
echocardiography has some discrepancy due to assuming uniform velocity through the valve.
This discrepancy in measuring LOVT diameter is one of the disadvantage of this method.

The second method which is used by cardiologists to diagnose aortic valve stenosis is
based on the Gorlin equation [24] in which the pressure gradient through the aortic valve is
correlated with the blood flow rate passing across the aortic valve during systole. In order to
calculate the mean pressure gradient, the velocity measured by Doppler techniques along the
aortic valve is converted to the pressure difference between the left ventricle and the aorta
based on Bernoulli’s equation (PG = 4xV ?). Since the Gorlin equation calculates AVA based
on the blood flow across the aortic valve, therefore there is inaccuracy in diagnosing aortic
valve stenosis especially at lower cardiac output.
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The third method used to assess aortic valve stenosis is based on the Hakki equation [25].
The Hakki equation is the simplified form of the equation represented by Gorlin [24] in which
an assumption is made based on the fact that in most cases the final value of the product of the
heartbeat and the systolic ejection time is equal to approximately 1000. Finally, in order to
diagnose aortic valve stenosis, the outcome of the calculated AVA needs to be compared with
the AVA of a healthy aortic valve [9].

1.7.2 Aortic valve replacement

As mentioned previously, the main methods used in the treatment of the aortic valve
stenosis are AVR and TAVR [26]. In AVR, the original valve is replaced by a bileaflet
mechanical or bioprosthetic aortic valve (shown in Figure 1.9 a and b) via surgery. The
mechanical valve is made of two semilunar disks connected together through a spring
mechanism and a circular ring [26]. The mechanical valves in general are very durable but the
patients with a mechanical valve need to have anticoagulation medication frequently. This is
because the blood flow coagulates around the mechanical valve over time. The coagulated
blood forms clots on the leaflets and behind the hinge which put the patient into risk if not
treated. Another type of surgical valve is the bioprosthetic aortic valve which is made of the
porcine or bovine aortic valve leaflets surrounded by polymer material. This type of valve, in
contrast to the mechanical one, does not require frequent anticoagulation check-ups. However,
they need to be replaced every 10-15 years because of their decreased durability. As mentioned,
installation of mechanical and bioprosthetic valves requires open heart surgery which
potentially puts patients at risk [27].
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Figure 1.9 Different types of artificial aortic valves (a) mechanical (b) bioprosthetic (c)
transcatheter (stented) aortic valves [4]

To avoid the risks associated with open heart surgery and to reduce the cost, TAV was
introduced (shown in Figure 1.9 c) in 2002. TAVR is a novel technique in which patients do
not require to undergo open heart surgery [27]. In this method, a bioprosthetic stented aortic
valve is attached to a catheter which can carry the valve through the femoral artery and position
it inside the diseased valve (shown in Figure 1.10). Once the catheter reaches the desired
position, the stent is inflated and the diseased original aortic valve is replaced by the
transcatheter one.
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(a) (b) (©

Figure 1.10 Transcatheter aortic valve replacement (TAVR) procedure (a) positioning (b) inflating
(c) replacement of the TAV [9]

1.8 Motivation and objectives of the research

Medical imaging such as Magnetic Resonance Imaging (MRI), Computed Tomography
(CT) scans, as well as echocardiography techniques are mostly used by cardiologists to
diagnose aortic valve stenosis. These techniques are extremely expensive and their
implementation requires a high level of skill as well as sophisticated equipment. In addition, in
laboratory environment in-vitro measurements are used to evaluate the performance of artificial
valves such as bioprosthetic, mechanical, and transcatheter aortic valves. The main objective
of in-vitro experiments is to test the durability of the artificial valves over time. While both in-
vitro and in-vivo techniques have been broadly used for investigation of aortic valve stenosis
in the past decades, some of the hemodynamic parameters such as the wall shear stress
distribution on the leaflets, which has a significant impact on initiation and progression of
valvular heart diseases, cannot be easily measured through these time-consuming and
expensive experiments [9].

With the advancement in modelling techniques and computational power, numerical
methods such as computational fluid dynamics (CFD), finite element analysis (FEA), and fluid-
structure interaction (FSI) are used as alternatives for calculation of hemodynamic parameters
required for diagnosing stenosis of the aortic valve. Among the numerical methods, the 2-way
FSI modelling technique is broadly used to study the hemodynamics of the aortic valve and its
leaflets due to its capability of modelling the structure and fluid domains and their interaction
simultaneously. While this method is able to model the dynamic motion of the aortic valve
leaflets, it is very challenging to model the large deflection of the leaflets during the cardiac
cycle considering the coronary artery ostia and their effects on the flow patterns in the sinuses
as well as their hemodynamic parameters.

This research aims to develop a deep understanding of the flow behaviour inside the sinus
cavity of the aortic valve in order to predict the wall shear stress distribution on the aortic valve
leaflets and its correlation with CAVD. This aim has been achieved by answering the following
research questions:
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%+ How does the coronary artery blood flow affect the hemodynamic parameters
within the aortic root, the vortex structures in the sinus cavity, and the shear
variation on the leaflets and arterial walls?

% How does the position of the coronary artery ostia influence the sinus vortex
structures and accordingly the wall shear stress distribution on the aortic valve
leaflets?

% How interdependent are the calcification of the aortic valve leaflets and the
presence of coronary artery atherosclerosis?

% How does geometrical variation affect the wall shear stress distribution on the
leaflets and what is its correlation with CAVD?

1.9 Thesis outline

In this section a brief overview of the different chapters of the thesis is presented. The
format of the current thesis is based on publications; i.e. the chapters includes manuscripts that
have been published or are currently under review in peer-reviewed journals. In the following
paragraphs, brief information about the content of each chapter is explained. This includes a
comprehensive literature review on the recent research which has been carried out in the field
of cardiovascular fluid mechanics with a focus on calcification of the aortic valve and its effect
on hemodynamic parameters. It is hypothesised that the hemodynamic variations within the
sinus cavity and the initiation and progression of CAVD can be correlated. Furthermore, it is
also hypothesised whether the presence of aortic valve stenosis and the initiation of coronary
artery atherosclerosis can be independent. The presented hypothesis is then supported by a
comprehensive numerical study which is validated with an in-vitro in-house experiment.

In Chapter 2, a comprehensive literature review is presented including different
numerical methods used for modelling of the aortic valve leaflets as well as in-vitro
experiments. Initially, various in-vitro experimental techniques used by researchers to
investigate the dynamic motion of artificial aortic valve leaflets are presented. Then, studies in
which the two most commonly used techniques used for modelling of the aortic valve leaflets
behaviour, named CFD and FEA, accompanied with a discussion on their achievements,
accuracy, applicability, and limitations is presented. Then, the two-way FSI technique is
introduced and its advantages compared to the other numerical methods are discussed in detail.
The challenges associated with the FSI modelling of the aortic valve leaflets are presented.
Finally, the most recent achievements in modelling the dynamic behaviour of the aortic valve
leaflets based on the FSI numerical method are introduced.

In Chapter 3, an FSI model of aortic valve leaflets with the coronary arteries is developed
and validated against experimental data. Then, the model is extended to specify whether
calcification of the aortic valve leaflets can affect initiation and progression of coronary artery
diseases. The effect of calcification of the aortic valve leaflets on the hemodynamic parameters
in the aortic root, the sinus cavity, and the coronary arteries are investigated. The results
revealed that leaflet stiffening not only changes the hemodynamic parameters within the aortic
root but also significantly affects the wall shear stress on the wall of the coronary arteries. It is
hypothesised that the changes in the wall shear stress on the wall of the coronary arteries could
be one of the reasons for initiation of coronary artery atherosclerosis.

Chapter 4 presents an FSI model of the aortic valve with different positions of the
coronary artery ostia (i.e. distal, middle and proximal coronary artery ostia). The main
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objectives of the study carried out in this chapter is to answer the question as to whether the
position of the coronary artery ostia can influence the sinus vortex structures and accordingly
its hemodynamics. Results show that the aortic valve with a proximal coronary artery ostia
experiences a higher Transvalvular Pressure Gradient (TPG) compared to that with a middle
or a distal coronary artery ostia. It means that an aortic valve with a coronary artery ostia closer
to the aortic root is more prone to have a higher TPG in each cardiac cycle. This can, in turn,
affect the durability and lifetime of the transcatheter and bioprosthetic aortic valves.
Furthermore, the influence of the size of the sinus cavity accompanied with the position of the
coronary artery ostia is investigated. The results reveal that an aortic valve with a smaller sinus
and a proximal coronary artery ostia has a larger TPG during the cardiac cycle, however, the
coronary artery flow rate corresponding to this case is higher at peak systole compared to that
for a middle or distal coronary artery. This is due to the shorter distance between the coronary
artery ostia position and the leaflets.

Chapter 5 of this thesis focuses on developing an FSI model and validates it against
experiment to model the stenosis inside coronary arteries in order to investigate its effect on
the sinus vortex structures and the aortic root hemodynamics. The study in this chapter is
motivated by the lack of information about the effect of the coronary artery blockage on the
hemodynamic parameters inside the sinus cavity and the wall shear stress distribution on the
leaflets. Clinical data reveals that approximately 45% of patients who require aortic valve
replacement suffer from a stenosed coronary artery [19]. The study presented in this chapter
is dedicated to investigation of the relationship between the calcification of the aortic valve and
coronary artery atherosclerosis. The results reveal that an aortic valve with a 75% stenosed
coronary artery experiences less wall shear stress on the aortic valve leaflets compared with
that for a healthy coronary artery. This means that a healthy valve with a stenosed coronary
artery is more prone to calcification over time.

Chapter 6 of this thesis presents a numerical model for prediction of the wall shear stress
distribution on the leaflets in order to find a correlation between the wall shear stress on the
leaflets and CAVD. The developed FSI model of the aortic valve is validated against in-vitro
in-house experiments. The effects of the geometrical parameters such as the sinus diameter and
the locations of the coronary artery ostia on the wall shear stress distribution on the leaflets are
investigated. Probability density functions of the wall shear stress distribution on the aortic
valve leaflets corresponding to a healthy and a calcified aortic valve are calculated. The results
reveal that a severely calcified valve witnesses less wall shear stress on the leaflets with a
higher probability of having smaller wall shear stress compared to a healthy valve.
Furthermore, a healthy valve with a proximal coronary artery ostia experiences less wall shear
stress with a higher probability of having smaller wall shear stress on the leaflets compared to
that of a distal coronary artery ostia. It means that a healthy valve with a proximal coronary
artery ostia is more prone to calcification over time.

In the final chapter, Chapter 7, the key findings and achievements of the current study
are presented followed by conclusions. Moreover, suggestions are proposed which can be used
as motivations and research objectives by other researchers in the field of cardiovascular fluid
mechanics.
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1.10 Publications arising from the current thesis

The current study has resulted in several articles which are published or under review in
different international journals and peer-reviewed conference proceedings.

1.10.1 Published Journal Papers

% Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander, Ross
Roberts-Thomson, Adam J. Nelson, Maziar Arjomandi, Fluid structure interaction
modelling of aortic valve stenosis: Effects of valve calcification on corona artery flow
and aortic root hemodynamics, Journal of Computer Methods and Programs in
Biomedicine, 196 (2020), 105647.

% Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander,
Adam J. Nelson, Ross Roberts-Thomson, Ajit Yoganathan, Maziar Arjomandi,
Hemodynamics of a stenosed aortic valve: effects of the geometry of the sinuses and
the position of the coronary ostia, International Journal of Mechanical Sciences, 188
(2020), 106015.

1.10.2 Submitted Journal Papers

0,

% Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander,
Adam J. Nelson, Ross Roberts-Thomson, Kelvin K. L. Wong, Maziar Arjomandi,
Prediction of calcium deposition on aortic valve leaflets in the presence of coronary
artery atherosclerosis, Submitted to Medical & Biological Engineering & Computing.

% Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander,

Adam J. Nelson, Ross Roberts-Thomson, Kelvin K. L. Wong, Maziar Arjomandi,

Calcific aortic valve disease prediction based on wall shear stress distribution on the

leaflets, Submitted to Annals of Biomedical Engineering.

1.10.3 Published Conference Papers

% Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander,
Ross Roberts-Thomson, Adam J. Nelson, Maziar Arjomandi, Calcification effect on
the wall shear stress distribution of the aortic valve leaflets, 22" Australian Fluid
Mechanics Conference (2020), Brisbane, Australia.

s Araz R. Kivi, Nima Sedaghatizadeh, Maziar Arjomandi, Anthony C. Zander,
Benjamin S. Cazzolato, Fluid structure interaction analysis of a calcified aortic valve,
21%t Australian Fluid Mechanics Conference (2018), Adelaide, Australia.
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Chapter 2

Literature review

The cardiovascular system has been investigated by many researchers studying its
dynamical behaviour, function, and physics. Among all the previous studies in the field of
cardiovascular fluid mechanics, modelling of the aortic valve still requires further improvement
and investigation. The importance of studying the aortic valve can be understood when
reviewing the relevant statistics. Each year approximately 1.2 million (5.6%) Australian adults
aged 18 and over encountered one or more conditions associated with vascular heart diseases,
including stroke [1]. More importantly, each year approximately 40,000 Australians aged 55yrs
or over need surgical aortic valve replacement (SAVR) and 7,000 Australian aged 75yrs or
over require transcatheter aortic valve replacement (TAVR) [1]. Various techniques have been
used to investigate the diseases associated with the aortic valve: in-vivo studies such as
echocardiography and magnetic resonance imaging (MRI), and in-vitro experiments such as
flow visualisation through particle imaging velocimetry (P1V) techniques and numerical
simulations. Numerical simulations have attracted the attention of researchers in recent years
because they can provide better understanding of the flow behaviour through the aortic valve,
the dynamical motion of the aortic valve leaflets and the hemodynamics of the valve.
Furthermore, they can help cardiologists to better understand the roots of the diseases
associated with the aortic valve and also predict the efficiency and durability of artificial aortic
valves.

Numerical simulation plays an important role in modelling of the dynamical motion of
the aortic valve. There are three main modelling techniques: structural modelling,
computational fluid dynamics and fluid structure interaction modelling. In structural
modelling, only the structural part is modelled and the pressure is applied to the surfaces of the
structure as a boundary condition instead of the blood flow. This method can only model the
dynamical motion of the leaflet and find the stress and strain components on the leaflets. In this
modelling, there is no way to model the fluid part and find the velocity components, the
vorticity inside the sinuses and the flow shear stress. In computational fluid dynamics
modelling, only the fluid part is considered. The behaviour of the fluid can be modelled via
this technique, however the interaction between the structural and fluid parts is completely
ignored. Since the dynamical motion of the leaflets can significantly affect the fluid domain
and accordingly the velocity and vorticity components as well as the sinus vortex structures,
the interaction between the fluid and structural domains should be accounted for. Therefore,
fluid structure interaction methodology is used in order to have better understanding of the flow
behaviour through the aortic valve and vortices inside the sinus cavity which play a main role
in formation of the thrombosis of the blood flow, and most importantly shear stress in the
vicinity of the leaflets. This method is used to model the interaction between the blood flow
and leaflets. It can provide more accurate information on the shear stress in the vicinity of the
leaflets, the vortices inside the sinus cavity, and the hemodynamic characteristics of the aortic
valve leaflets. This information on the blood flow behaviour can be used to identify the

16



Chapter 2 Literature review

correlation between the hemodynamic parameters and aortic valve diseases such as
calcification of the aortic valve.

In this chapter, a comprehensive literature review is performed in order to define the
objectives of the project. In-vitro and in-vivo experimental techniques as well as numerical
approaches which are used to analyse the performance of the aortic valve leaflets, model the
dynamical behaviour of the leaflets, and study the flow behaviour through the valve, are
thoroughly discussed.

2.1 Effect of aortic stenosis on aortic valve hemodynamics and
coronary artery flow

Aortic valve stenosis is the second most common heart disease after coronary artery
disease, and it is associated with abnormalities of the arterial system such as systolic
dysfunction of the left ventricle, reduced aortic flow rate, reduced arterial compliance and
increased transvalvular pressure gradient [2]. Stenosis of the aortic valve is the narrowing of
the aortic valve because of calcium deposition on the leaflets. The stenosed valve cannot open
properly and this affects the hemodynamic parameters inside the aortic root, mainly the valve
orifice diameter/area, and the transvalvular pressure gradient.

Stenosis of the aortic valve not only changes the hemodynamic parameters within the
aortic root, but also affects the coronary artery hemodynamics. Clinical data shows that patients
with aortic valve stenosis and healthy coronary arteries are reported to have reduced coronary
artery flow during the cardiac cycle [3]. The reduced coronary artery flow in patients with
aortic valve stenosis may lead to myocardial ischemia and left ventricle dysfunction which
results in heart failure over time [3]. The mechanism underlying the reduction of coronary
artery flow in patients with aortic valve stenosis is still unknown [4]. It is believed that
concentric LV hypertrophy may be the main reason for coronary artery flow reduction in
patients with aortic stenosis. It was also shown that higher left ventricle pressure caused due to
the presence of aortic stenosis, may lead to a reduction of the coronary artery flow [4].
Furthermore, in-vivo data shows that patients with aortic valve stenosis have symptoms of
coronary artery disease. It is also believed that coronary artery disease and aortic valve stenosis
are interdependent, however, the mechanism behind is not clear as yet [4].

The stenosis of the aortic valve and its effect on the sinus vortex structures and the wall
shear stress on the leaflets is very important due to its effect on initiation and progression of
the calcific aortic valve disease [5]. Genetic factors impact on the initiation of calcific aortic
valve disease, however the alteration of fluid shear stresses in the vicinity of the leaflets is
believed to be one of the main factors impacting on initiation of CAVD [6]. Although, it is not
well understood how CAVD initiates and progresses, it is believed that there is a link between
the wall shear stress on the leaflets and the imitation and progression of CAVD [7].

2.2 Wall shear stress and its relation with aortic valve and
coronary artery disease

Wall shear stress (WSS) is defined as the fractional viscous stress on the wall produced
due to the velocity variation of the blood flow near the wall. It is shown that the physiologic
WSS levels are very important in the maintenance of the homeostasis of the aortic valve,
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however variation in the WSS is one the main reasons for initiation of pathologies associated
with the aortic valve [8].

Invasive and in-vitro investigations also demonstrated that the wall shear stress plays a
significant role in the initiation of atherosclerosis within the coronary arterial wall and the
progression of the calcium deposition on the leaflets [9]. Calcification and atherosclerosis are,
however, complex multifactorial processes which remain incompletely understood. It is
believed that blood flow-induced shear stress affects the endothelial cells leading to endothelial
dysfunction, inflammatory responses, oxidative stress which remodels the artery wall and valve
structure and eventually results in the progression of calcification and initiation of
atherosclerosis [10, 11].

Mohammadi et al. [12] presented a 3D global fluid structure interaction model of the
aortic valve leaflets including left and right coronary arteries. They investigated the effect of
the leaflets stiffening on the coronary artery hemodynamics. They showed that the wall shear
stress on the left and right coronary arteries during the systole decreases by increasing the
leaflets’ stiffness due to calcification. By contrast, the wall of the coronary arteries experiences
higher shear stress at diastole phases. Moreover, the results revealed that the coronary artery
flow rate decreases due to the calcification of the aortic valve. This can be correlated with
coronary artery diseases.

Another study by Nobari et al. [13] investigates the influence of the stiffness of the
coronary artery wall on coronary artery hemodynamics. They showed that the stiffened
coronary artery experiences a lower amount of wall shear stress compared to healthy coronary
arteries. They also studied the effect of calcification accompanied by stiffness of the coronary
arteries wall on coronary artery flow rates. They showed that calcified valve with stiffened
coronary artery wall witnesses lower shear stress on the leaflets during the systole and higher
amount of shear stress on the leaflets during the diastole.

2.3 Coronary artery flow and its importance in fluid structure
interaction modelling of the aortic valve

Fluid structure interaction modelling of the aortic valve is a very challenging task because
of the complexity associated with modelling the large deformation of the leaflets during the
systole [14]. Many researchers have developed 2D and 3D models of the aortic valve neglecting
the presence of the coronary arteries because considering the coronary arteries in FSI
simulation increases the complexity of the modelling and accordingly the instability of the
solution [15, 16]. On the other hand, coronary artery blood flow can significantly affect the
sinus vortex structures and accordingly the hemodynamic parameters inside the aortic root and
the sinus cavity [17]. Therefore, it is crucial to include coronary arteries when modelling the
pathologies associated with the aortic valve. There are a few analytical and numerical studies
based on FSI models of the aortic valve considering coronary arteries [12, 13, 16], however
there is still lack of knowledge related to the effect of coronary artery flow on the sinus flow
characteristics as well as the hemodynamic parameters of the aortic valve.

Cao et al. [16] investigated the impact of coronary flow on aortic sinus hemodynamics
as well as wall shear stress on the leaflets. They reported that the presence of the coronary
artery increases the complexity of the fluid structure interaction modelling as well as instability
of the solution. They calculated the oscillatory shear stress on the different locations of the
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leaflets (base, belly, and tip) corresponding to coronary and non-coronary sinuses. The results
showed that the belly of the leaflets corresponding to the coronary sinuses experiences lower
shear stress compared to that of with non-coronary sinus. Moreover, the tip of the leaflets of
the coronary sinuses witnesses the lowest magnitude of shear stress among the others. They
also showed that the sinus vortex structure of the coronary sinuses are completely different
from that of with non-coronary sinuses. It is believed that different sinus vortex structures
affects oscillatory shear stress on the leaflets of the coronary sinuses.

Therefore, there is a need to develop a model of the aortic valve taking into account the
presence of the coronary arteries and their effect on the sinus flow structure as well as the wall
shear stress on the leaflets. There is still a gap in knowledge related to the effects of aortic valve
stenosis on the coronary artery hemodynamics as well as the initiation of coronary artery
diseases. The correlation between the wall shear stress on the aortic valve leaflets and the
initiation and progression of calcific aortic valve diseases is not well understood.

2.4 Positions of the coronary artery ostia and its effect on sinus
flow patterns and hemodynamic parameters

Coronary angiographic images show that the position of the coronary artery ostia varies
among different people [18], from proximal to distal position relative to the aortic valve [19,
20]. Clinical data shows that a considerable percentage of patients who undertook aortic valve
replacement (mainly transcatheter aortic valve replacement) died within 2 years of surgery [18,
21]. The reason behind this number of deaths is still unknown. It is believed that it is related to
the diet of the patients, the geometrical properties of the coronary arteries and aortic valve, the
hemodynamic variation inside the aortic root, and coronary artery obstructions generated due
to the presence of stents in transcatheter aortic valve replacement (TAVR) [21]. It can be
hypothesised that the locations of the coronary artery ostia in different patients can affect the
sinus flow structures, the wall shear stress on the leaflets and the transvalvular pressure gradient
and accordingly lead to the initiation of aortic valve stenosis. Consequently, there is a gap in
knowledge about the influence of geometrical parameters such as the locations of the coronary
artery ostia on the sinus vortex structures and the flow characteristics inside the aortic root and
sinuses. It is not well understood yet how the locations of the coronary artery ostia can alter the
sinus vortex structures and most importantly the wall shear stress on the leaflets which is the
greatest risk factor associated with CAVD.

In the following sections, previous in-vitro and in-vivo experimental studies, and
numerical simulations conducted to model the dynamical behaviour of artificial aortic valves,
the flow behaviour through the aortic valve, and the variation of hemodynamic parameters due
to abnormalities of the aortic valve, are explained. From the findings of these sections, the
objectives of the project are defined.

2.5 In-vitro and in-vivo experiments

Aortic valve replacement (AVR) is one of the most common treatment methods for aortic
valve stenosis. Mechanical, bioprosthetic, and transcatheter aortic valves are used to replace
the original aortic valve via open heart surgery or transcatheter aortic valve replacement
techniques. Therefore, considerable research has focused on developing accurate in-vitro and
in-vivo methods in order to evaluate the performance and durability of artificial valves.
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2.5.1 Hemodynamic assessment of artificial aortic valves

Pioneering experimental research in this field was done by Brown et al. [22] who found
that excessive wall shear stress (shear stress > 50 dyne cm™) on the leaflets could activate
platelets and result in thrombosis over time. Following their work, Yoganathan et al. [23, 24]
investigated the probability of thrombosis in a Starr-Edward aortic valve using Laser-Doppler
Anemometry (LDA). They tested thirteen autopsy models of aortic valves considering steady-
state flow and measured shear stress, pressure difference and flow rate. They found that the
pressure significantly drops in the vicinity of the prosthetic valve where the stresses are very
high. It was also shown that the flow pattern is highly affected by recirculation zone generated
behind the leaflets due to separation. Their results showed that the recirculation zone behind
the leaflets, and reduction in the pressure accompanied with turbulent stresses affect the
formation of the thrombus which leads to prosthetic valve failure over time. A similar in-vitro
test was conducted by the same group in which a Medtronic-Hall pivoting disc heart valve was
tested under similar conditions. The results of this work also confirmed their previous findings,
however the stagnation region corresponding to this type of valve was shifted to different
locations.

Later on, Woo et al. [25] and Yoganathan et al. [26] conducted series of investigations to
study the hemodynamic performance of the polymeric, Carpentier-Edwards, and lonescu-
Shiley tissue valves considering steady-state flow. Their finding showed that the polymeric
valve experiences less turbulent blood flow at peak systole with a larger effective orifice area
(EOA) compared to the other ones. The LDA approach was also used by Chandran et al. [27]
for studying the flow characteristics corresponding to the different types of mechanical valves.
Their findings showed that turbulent stresses related to the ball caged prostheses were lower
than that of the disk valve. Later, studies were conducted by the same group in which they
focused more on the valve closure, investigating the effect of the increased pressure in the left
ventricle of the heart on the generation of cavitation in the mechanical valves [28, 29]. Their
results revealed that there is a large negative pressure difference between the location of the
valve hinge and the tips of the leaflets in both in-vitro and in-vivo tests [30].

Several experimental studies were carried out by researchers in which various types of
mechanical and bio-prosthetic valves were tested considering pulsatile blood flow under
physiological conditions [26, 31-33]. Hemodynamic parameters were measured for all the
common types of artificial valves using a 2D LDA method. The results show that the valves
witness a uniform flow pattern during the systole. However, a separation zone occurred in the
area close to the hinge where the wall shear stress and turbulent stress are high. They showed
that blood cells are more prone to damage around the hinge of the leaflets.

Significant progress in investigating the performance of prosthetic valves was achieved
by Fan et al. [34] who presented a novel technique named colour Doppler flow mapping to
assess the flow velocity field. This technique is medical ultrasonography which utilises the
Doppler effect to provide images of the body organs and blood flow. However, colour Doppler
flow mapping provides accurate data of the velocity and direction of the blood flow inside the
body, the ultrasound beam should be placed parallel to blood flow in order to record precise
data. This can be one of the limitations of these techniques. Later, Cape et al. [35] investigated
the effects of different factors such as the physical characteristics of the system, the settings of
the instrument, and the interaction of the solid parts on the resolution of the images taken
through this technique. Accordingly, a study was carried out by Cape et al. [36] in which the
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colour Doppler flow mapping technique was used to study the influence of the regurgitated
blood flow on hemodynamic parameters. They found that the conditions of the adjacent walls
(stiffened wall) significantly reduces the maximum magnitude of the velocity in the flow field.
This technique was also used by Recusani et al. [37] in order to accurately measure the effective
orifice area (EOA) specifically inside the turbulent flow.

Later, Baldwin et al. [38] utilised a Laser Doppler Velocimetry (LDV) approach to
investigate the flow behaviour around the pivot and hinge regions of the different disk valves.
They found that the maximum value of turbulent shear stress has the same trend in different
models of disk valves. After the introduction of 2D LDV, they conducted a research in which
they compared the hemodynamic characteristics of the Bjork-Shiley and SJM prosthetic aortic
valves. Turbulent shear stress comparison between the results of the 2D and 3D Laser Doppler
Velocimetry approach showed significant measurement errors (greater than 10%). These
observed errors are highly dependent on the components of the velocity used in the 2D
technique.

Kini et al. [39] utilised Particle Imaging Velocimetry (PIV) and LDV approaches in their
in-vitro experiment to investigate the regurgitation phenomenon generated downstream of the
prosthesis during the systole. They compared the flow structures inside the sinuses considering
constant and pulsatile flow rates. They showed that the sinuses of the model with pulsatile flow
experience complicated vortex structures with a higher magnitude of vorticity strength
compared to the model with constant flow. They visualised the complex regurgitated flow
structures downstream of the prosthesis considering the pulsatile blood flow at the inlet. Later,
Manning et al. [40] proposed a PIV technique to measure the regurgitated blood flow during
the cardiac cycle, focusing on cavitation. The captured images showed that the generation of
the vortex in the vicinity of the prosthesis tips could generate cavitation. Ellis et al. [41] and
Leo et al. [42] utilised similar experimental methods in which they provided more detail on the
blood flow patterns near the hinge region of the prosthesis. They showed that complicated
vortex structures near the hinge region of the valve increases average wall shear stress on the
valve’s leaflets.

Morsi et al. [43] analysed the performance of the jellyfish valve using a LDA method
and compared it with the artificial St. Vincent disk valve. They showed that the shear stress
corresponding to the jellyfish valve was much less than that related to the St. Vincent disk
valve due to the difference in the material properties as well as the design of the valves. Another
work carried out by Morsi et al. [44] in which they visualised the turbulent flow behaviour near
the outlet region of the jellyfish valve. They measured the pressure difference across the valve
orifice, and the energy losses and regurgitated blood flow during the systole [45, 46]. They
found that the jellyfish valve model witnessed less back flow and energy losses compared to
the mechanical aortic valve. Furthermore, the regurgitated blood flow related to the mechanical
valve was twice that of the jellyfish valve model.

Another study carried out by Morsi et al. [47] in which they investigated the probability
of formation of thrombus and activation of the platelet under the same conditions as the
abovementioned experiments. They proposed a mathematical model in which they correlated
the peak shear stress with the blood damage index to find the probability of thrombus
formation. They reported a lower blood damage index for the jellyfish valve model compared
to the mechanical valve. Later, in a similar study conducted by Morsi at al. [48], the influences
of the shape of the sinus (real, elliptical, and cylindrical chambers) on the formation of
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thrombus was investigated. They determined that the jellyfish valve model with an elliptical
chamber witnesses the lowest magnitude of shear stress.

In the past two decades, researchers have benefitted from in-vitro experiments [49-51]
and in-vivo methods such as Ultrasound [52], Echocardiography [53], and Cardiac Magnetic
Resonance (CMR) [54] in order to assess the performance of the prosthesis. For example, Leo
at al. [55] characterised the velocity and shear stress fields inside the polymeric aortic valves.
They evaluated the performance of the three different polymeric aortic valves with various
thickness of the leaflets under physiological conditions. They showed that the leaflet thickness
affects the valve dynamics and increases the possibility of thrombus formation near the hinge
of polymeric trileaflet aortic valves. Another study carried out by Ge et al. [56] in which they
analysed the possible complications caused to blood cells by a bileaflet mechanical aortic
valve. They linked the Reynolds shear stresses and viscous stress as factors which caused
damage to the blood cells downstream of the leaflets. They indicated that the damaged blood
cells can promote thrombus formation in the vicinity of the valve leaflets.

Yap et al. [57] presented an in-vitro technique to link the energy losses of an aortic valve
caused by aortic valve stenosis in each cardiac cycle to heart attack and failure. They tested
various porcine aortic valves under a number of physiological conditions such as different
stroke volumes and heart beats and considered healthy, calcified and severely calcified aortic
valves. They showed a severely stenosed aortic valve experiences higher energy losses during
each cycle with the abnormal shape of the energy loss waveform compared to that of a healthy
valve. Based on their results, increasing the level of the severity of stenosis increases energy
losses. This energy loss was determined as a clinical tool to evaluate the aortic valve stenosis.

2.5.2 Sinus flow visualisation based on experimental techniques

Sinus flow structures have a strong relation with the hemodynamic parameters inside the
sinus cavity. To show this, researchers have conducted experiments over the last decade to
visualise the sinus flow characteristics. For example, Forleo et al. [58] presented a new in-vitro
technique for quantifying the effects of the vortex formation and regurgitated jet flow near the
hinge of a bileaflet mechanical aortic valve on blood damage index (BDI). Their results showed
that mechanical valve replacement affects BDI by reducing the valve closing time by 10ms and
increasing the mean aortic pressure by 40 mmHg. This increased mean pressure generates
stronger vortex structures which leads to the activation of the platelet and subsequently
increased BDI. Another study carried out by Moore et al. [7] in which the effects of the sinus
vortex structure on the performance of the aortic valve was shown. The results of this study
demonstrated that the flutter of the leaflets during the systole was considerably induced by
various heartbeats and complex spatiotemporal vortex structures generated in the sinuses
(shown in Figure 2.1).
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Figure 2.1 Velocity streamlines and contours inside the sinus cavity during cardiac cycle
corresponding to hearts with different heartbeats (i.e. 60 and 120bpm) [7]

Later, in another work conducted by the same research group, Moore et al. [59]
investigated the effects of the coronary artery flow on aortic leaflet mechanics and the
hemodynamics of the sinus using a bioprosthetic aortic valve. The vortex structures between
the coronary and non-coronary sinuses were compared in order to elucidate the hypothesis that
the non-coronary sinus is calcified before the other sinuses. The results showed that the
presence of coronary flow affects the leaflet dynamics and reduces the wall shear stress on the
leaflets (shown in Figure 2.2), however it improved washout time (the time taken for the blood
to flow from the sinuses to the aorta) at the base of the leaflet. In similar work by Yousefi at
al. [60] the effect of arched leaflets and the stent profile on the performance of a polymeric
aortic valve was analysed. They found that a higher stent profile and arches decreases the
regurgitated blood flow and the Reynolds shear stress by 5 and 40 percent, respectively. Based
on their results, a valve with arched leaflets witnesses lower energy losses and accordingly
lower probability of aortic valve stenosis.

Hatoum et al. [61] studied the effect of transcatheter aortic valve replacement on the
blood flow structures and in order to identify the thrombus formation process after valve-in-
valve aortic valve replacement. Their findings showed a significant reduction in the peak
velocity along the valve orifice, the vorticity magnitude inside the sinuses of the replaced
transcatheter aortic valve, and the peak shear stress on the leaflets of the transcatheter aortic
valve. They demonstrated that a lower shear stress on the leaflets increases the risk of formation
of thrombosis in the vicinity of the leaflets. Later, the same group conducted research
associated with the effect of transcatheter aortic valve replacement (TAVR) on valve
hemodynamics [62]. They analysed the influence of TAVR on a wide range of hemodynamic
parameters such as pressure gradient (PG), leakage fractions (LF), shear stress on the leaflets
and the sinus washout mechanism. Based on their results, PG was highly affected by the axial
position and angular orientation of the TAV. Furthermore, the flow shear stress, as well as the
washout mechanism inside the sinus cavity at peak systole, were highly influenced by the
deployment depth of the TAV.
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Figure 2.2 Shear stress contours for the coronary and non-coronary sinuses during the cardiac cycle
[59]

Later, a similar in-vitro experimental study was carried out by the same research group,
but this time the presence of congenital aortic valve diseases (i.e. bicuspid aortic valve leaflets)
and their effects on valve hemodynamics were analysed [63]. They compared the sinus vortex
structures and hemodynamic parameters between the tricuspid and bicuspid aortic valves
(TrAV and BAYV). Their results demonstrated that the leaflets of a TrAV witness higher shear
stress on the leaflets and quicker washout time compared to those of a BAV. Regarding valvular
heart diseases, Hatoum et al. [17] also studied the effect of the calcification of the bioprosthetic
aortic valve on the sinus vortex structures and the valve hemodynamics using the PIV
technique. Their results showed that a severely calcified aortic valve has a lower valve orifice
area with a higher vorticity magnitude inside the sinuses compared to those related to the
healthy valve. Furthermore, the circulation strength of vortices inside the sinuses of the healthy
valve are stronger than for a calcified valve. Based on their results, the strong vortices are more
prone to move towards the aorta instead of being trapped in the sinuses. This led to different
vortex structures and a slower washout mechanism inside the non-coronary sinus
corresponding to the diseased valve. Similar studies were conducted by Hatoum et al. [64], but
this time, the same scenario was examined for the TAV-in-TAV replacement. They compared
the washout times of the TAV-in-TAV, valve-in-valve, and TAV replacements. Their findings
demonstrated that the washout mechanism is not significantly affected in TAV-in-TAV
compared with valve-in-valve and TAV replacements. However, the shear stress distribution
on the leaflets and the jet velocity along the valve were highly dependent on the various types
of aortic valve replacements (AVR).

In-vitro and in-vivo experiments have been successful in analysing the performance of
the different types of artificial aortic valves, and a huge amount of achievements in the last two
decades, however measuring hemodynamic parameters such as the wall shear stress based on

24



Chapter 2 Literature review

experiments is still very challenging. Additionally, enormous cost needs to be invested in the
facilities used for in-vitro and in-vivo experiments. Therefore, researchers have been looking
for an alternative and cost-effective solution to test and simulate aortic valve diseases. The
most common numerical approaches used to simulate the dynamical motion of the leaflets and
investigate the sinus flow patterns are: Finite Element Analysis (FEA), Computational Fluid
Dynamic (CFD), and Fluid Structure Interaction (FSI) methods.

In the following sections, the above numerical methods used to model the dynamical
motion of the aortic valve are explained along with some of their advantages and disadvantages.

2.6 Finite element analysis numerical approach

Researchers have used FEA to characterise the material properties, parametrically design
biomedical aortic valves, and test the durability of bioprosthetic, mechanical and stented aortic
valves in the past two decades. FEA has been widely used to simulate the dynamic motion of
the leaflets and to analyse the stress distribution on the leaflet cusps undergoing uniform
pressure or forces extracted from the fluid. FEA considers only the structural part of the aortic
valve leaflets, ignoring the interaction of the fluid and structural domains. In recent years many
researchers have used FEA as a numerical method to model the dynamic motion of the leaflets
in order to improve the design of the bioprosthetic, mechanical and stented aortic valves. The
following sections focus on the achievements and developments of FEA in the design and
analysing the performance of the different types of artificial aortic valves.

2.6.1 Simulation of dynamical motion of the leaflets based on finite
element analysis

To characterise the deformation of the leaflets subjected to uniform pressure, Huang et
al. [65] developed a 2D model of a bio-prosthetic aortic valve. They reported that a large
amount of stress is generated during systole. Later, a 3D model of a bileaflet mechanical valve
was designed by Black et al. [66] based on the finite element method (FEM) in which they
reported that utilising a 2D membrane model to simulate the dynamic motion of the leaflets
could lead to significant errors in calculating the maximum stress magnitudes on the leaflets.

Chandran et al. [67] investigated the influence of geometrical parameters such as the
length of the stent, the thickness of the leaflet and the coaptation area on the magnitude of the
stress on polymeric aortic valve at early diastole (when the valve is completely closed). A rigid
model of the stent was designed and the FE method was utilised to analyse the stress
distribution on the leaflets. Their results demonstrated that commissural attachment is where
the peak stresses occur on the leaflets. Furthermore, they showed that the stress reduces
significantly as the length of the leaflets increases. However, no information was reported on
the effects of the leaflet thickness and coaptation area.

Krucinski et al. [68] presented novel modelling of the flexible stent in trileaflet bovine
bioprosthetic aortic valves based on the FE method. They studied the stress on the proposed
model and reported that the region in which the stress concentrated is near to the commissural
area of the leaflets, which occurs with the same finding of Chandran et al. [67]. Based on their
findings, the introduced novel stent design showed 40% lower stress at critical areas compared
with the previous stents designs.
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Later, the influence of the nonlinearity of the leaflet materials on the dynamical behaviour
of the aortic valve leaflets was discussed by Patterson et al. [69]. They compared the
deformation of the leaflets of a bicuspid aortic valve using linear and nonlinear material
properties and under uniform pressure. Their results showed that the nonlinear model of the
leaflets demonstrates a larger deformation and quicker response to the external pressure
compared with those of leaflets with linear material properties. Another study carried out by
Thornton et al. [70] using the same FE model of the aortic valve with nonlinear material
properties of the leaflets was considered. However, this time they studied the effects of the
changes in the thickness and the Yong’s modulus of the leaflets on the stress distribution on
the leaflet cusps. Their results showed that thicker leaflets experience lower values of stress
during the diastole phase. However, the influence of the higher pressure drop and the energy
losses of the system were ignored during the systole phase.

A numerical study of the proposed design by De Hart et al. [71] shows considerable
improvement in the durability of the artificial aortic valves using novel fibre-reinforced
material. A novel fibre-reinforced material inside the stented model of the aortic valve was
examined via the FE method. Based on their results, the proposed model reduced the maximum
stress on the leaflets by 60%. A similar study carried out by Cacciola et al. [72, 73] considered
the same material properties used by De Hart et al. [71], but this time without a stent. Their
results demonstrated that the peak stress on the leaflets decreases by 75% which could
considerably improve the durability of the proposed bioprosthetic aortic valve.

2.6.2 Performance evaluation of the artificial aortic valves based
on finite element analysis

A novel technique was introduced by Grande-Allen et al. [74] to extract the geometry for
a realistic model of the aortic valve. They studied the effect of various graft shapes of the
original and artificial aortic valves on their performance using the FE method. A 3D realistic
model of the healthy aortic valve was developed using available MRI images. Then, two novel
graft models considering pseudosinus and cylindrical elements shape in addition to the natural
bioprosthetic elements were developed. Three numerical models corresponding to two grafted
and one natural models were introduced considering linear material properties in developing
the models. An unsteady pressure profile was applied to all of the developed FE models. Their
results showed that the prosthetic model witnesses a higher stress concentration in critical areas
compared with the natural model. Their finding emphasized the importance of the graft element
shape in FE modelling of the artificial valves rather than the linear or non-linear material
properties.

Luo et al. [75] investigated the influence of geometrical parameters such as the height of
the stent, the diameter of the valve, and different thickness of the aortic valve leaflets on the
stress distribution on the leaflets of a porcine bio-prosthetic aortic valve. In the numerical
modelling, a constant pressure (16kPa) was applied on the leaflets and the influence of the
isotropic and anisotropic material properties were studied. Their findings showed that a
bioprosthetic valve with the thickness of the leaflets varying along the length could
considerably reduce the maximum stress at the commissural attachments. Furthermore, the
longer stent with smaller diameter size could also lead to stress reduction on the leaflets. The
main limitation of their work was that they only analysed one-third of the leaflets and ignored
the influences of the contact stress on the deformation of the leaflets during systole.

26



Chapter 2 Literature review

A 3D FE model of the aortic valve considering aortic roots and sinuses was proposed by
Howard et al. [76] in which the unsteady pressure was used as the boundary condition to
generate the dynamic motion of the leaflets. Their results showed that the presence of aortic
roots and sinuses in their model could considerably differentiate (65% difference) the effective
orifice area (EOA). Later, they improved their FE model to a one-way fluid structure
interaction (FSI) model using the operator split method in which the fluid forces indirectly
became updated in each cycle [77].

The effect of the orthotropic nature of the aortic valve leaflets on the dynamic behaviour
of the leaflets was studied by Arcindiacono et al. [78] in which a 3D model of orthotropic tri-
leaflet aortic valves was developed using the FE method. Two different orthotropic models of
the leaflets were introduced considering different Young’s moduli in the circumferential and
radial directions. In order to investigate the dynamic motion of the leaflets, the physiological
pressure profile was defined as a boundary condition. The results demonstrated considerable
changes in the deformation and stress values in the different directions on the leaflets by
defining the orthotropic axes over the leaflets.

Later, Sun et al. [79] developed more accurate results for the deformation and stresses on
2D leaflets using quasi-static FE modelling. Their results showed an approximate 2% error
between the outcomes of their study and the experimental measurements. However, they
extended their 2D model into a 3D model in which they observed a significant amount of
variation in the distribution of the principal stresses on the leaflets. Then, Kim et al. [80]
presented a FE model of a bioprosthetic aortic valve using shell elements. The results of their
modelling could accurately model the dynamic motion of the bioprosthetic aortic valve with
more precise results relating to the deformation of the leaflets because of their considering
anisotropic material properties along the aortic valve leaflets.

Haj-Ali et al. [81] combined experimental and numerical techniques in order to design
and evaluate the performance of a polymeric aortic valve. The dynamical behaviour of the
leaflets was modelled using FEM and nonlinear shell elements. Quasi-static TPG data collected
from the in-vitro experiment was defined as the boundary condition in the numerical modelling.
The results of the experimental and numerical methods had only 10% discrepancy in the
measurement of the leaflet deformation. They reported that the stress and strain results obtained
from their work were more accurate compared with the previous numerical models [76]. Their
results also confirmed that the peak values of stress occur in the vicinity of the commissural
area.

The effect of different shape of the commissural attachment on the dynamic performance
of the tri-leaflet valve was studied by Nedoom et al. [82] in which two models of the leaflets
(i.e. moulded and tubular models) were developed. In the developed models, the physiological
pressure waveform during the cardiac phases was applied. Based on their findings, the leaflets
in the moulded model demonstrated a quick response, higher EOA (effective orifice area) and
coaptation during the systole compared with that for the tubular model. The stress values
corresponding to the moulded model were lower than that of the tubular model. This meant
that the moulded model could be used in the natural design of the bio-prosthetic aortic valve.

Burriesci et al. [83] presented a comprehensive investigation based on FE methods in
order to parametrise and optimise the performance of a polymeric aortic valve. In their study,
a single curved profile for the leaflets was introduced in order to improve the stress distribution
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on the leaflets at commissural attachments. The physiological TPG was considered as a
boundary condition in order to model the dynamical behaviour of the aortic valve. Their
findings showed an approximate 10% increase in the EOA and a decrease in the peak von
Mises stress on the leaflets and the pressure difference along the valve compared with previous
designs. The results were validated against the previous experimental study and found to be
more accurate in calculating EOA and PG using the new design.

Labrosse et al. [84] developed FE models for a normal, a diseased and a repaired valve
in order to simulate cusp prolapse disease associated with diseased or repaired aortic valves.
The performance of the diseased and repaired valve was compared with the normal healthy
valve by calculating and comparing maximum leaflet stress, valve orifice area, coaptation area
at early diastole, and opening/closing times of the leaflets. Later, Gilmanov et al. [85] used a
hyperelastic materials model and a shell FE formulation in order to simulate the large
deformation of the aortic valve leaflets during the cardiac cycle (shown in Figure 2.3). The
proposed model showed that the nonlinear hyperelastic anisotropic material properties of the
leaflets affects the durability of the bioprosthetic aortic valve to tolerate higher levels of TPG
during the diastole phases. A similar study was carried out by Abbasi et al. [86] considering
viscous damping effects of surrounding fluid. Based on their findings, the anisotropic FE model
could accurately simulate the coaptation and large deformation of the leaflets during early
diastole, and systole, respectively.

(@) (b)

(f)

Figure 2.3 Displacement contour and dynamic opening and closing of the trileaflet aortic valve
during the cardiac cycle (a) early systole, (b) middle systole, (c) peak systole, (d) early diastole, (e)
middle diastole, and (f) late systole [85].

FEA has a significant impact on simulating the dynamic behaviour of the aortic valve
leaflets and analysing the performance of the bioprosthetic, mechanical, and stented aortic
valves, however the accuracy of the proposed models could be seriously questioned, as the
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direct interaction between the fluid and structural domain has been completely neglected in all
of the FEA simulations. For instance, the calculated values of maximum stress and the
distribution of the stress on the leaflets could not be considered completely accurate, as the
exchanged force between the structure and fluid domains is not similar to the pressure
difference boundary condition which was used in most of the above-mentioned FE simulations.
Eventually, EOA estimation and pressure drop calculations based on these models could not
provide a clear picture of the dynamical performance of the bio-prosthetic aortic valve due to
the fluid domain being neglected in the simulations [15].

2.7 Computational fluid dynamics numerical approaches

Computational fluid dynamics is a numerical method used to model fluid dynamics. In
the context of the current research topic, it is able to analyse flow characteristics and measure
the hemodynamic parameters along the aortic valve excluding the structural deformation.
Whilst this method is powerful in modelling the fluid domain, the interaction between the fluid
and structural domains is neglected. In the following, the previous studies in the modelling of
blood flow through the aortic valve based on the computational fluid dynamics method are
explained.

CFD modelling of the aortic valve was introduced by Peskin et al. [87]. Later, the
immersed boundary techniques were utilised to model the fluid mechanics of mitral and aortic
valves [87, 88]. Greenfield et al. [89] visualised the flow in the vicinity of ball and tilting disk
valves in order to measure the velocity, pressure and stress contours. Then, Thalassoudis et al.
[90] utilised the CFD method to study the influence of inflow variation on the shear stress
values of the prosthetic Edwards caged ball aortic valve. They used a numerical finite
difference technique to solve the Navier-Stokes equations and predict the blood flow behaviour
inside the valve.

A three dimensional model of bi-leaflet mechanical aortic valves was presented by
Borgersen et al. [91] in which they modelled the fluid domain at three different static positions
of the aortic valve leaflets. Then, Shim et al. [92, 93] investigated the flow behaviour of a
similar valve when the valve was half-opened. The 3D Navier-Stokes equations were solved
assuming laminar flow along the valve. Based on their findings, the shear stress magnitudes
inside the sinus area was found to be very high due to the circulatory flow. King et al. [94]
investigated experimentally and numerically the unsteady Newtonian flow behaviour of the
blood flow along a bi-leaflet mechanical valve. The model included the sinuses, the aortic root
and the left ventricle of the heart and was carried out when the valve was semi-open. They
compared the results of their experiments with the numerical results from CFD. They found
that the wall shear stress on the leaflets of the model considering sinuses is larger than that
without sinuses.

The dynamical behaviour of a prosthetic valve was studied by Gardner et al. [95] in which
CFD accompanied with Newton-Euler methods were used to map the pressure difference from
the fluid domain onto the surfaces of the leaflets. The leaflets were assumed to have rotational
and translational degrees of freedom with the ability to slide as well. Although, they extracted
forces from the fluid domain and applied them to the structural domain, the lack of dynamic
mesh updating in the structural domain affected the accuracy of the stress-strain fields.

Keshavarz Motamed et al. [96] numerically modelled a simplified model of the aorta
considering coarctation of the aorta and aortic stenosis which are common valvular heart

29



Chapter 2 Literature review

diseases. The formulated Navier-Stokes equation was solved using CFD and the results were
validated against a simplified experiment using a curved pipe mimicking ascending aorta. Their
findings demonstrated that the presence of a coarctation considerably modifies the flow
behaviour, the average wall shear stress, and the velocity magnitudes within the curved pipe
model. More importantly, they reported that PG was reduced by 36mmHg considering both
coarctation and aortic stenosis. A similar study conducted by the same group [97] in which
they studied the effect of the presence of aortic stenosis and coarctation of the aorta on the
workload of the left ventricle. Their results demonstrated that the left ventricle stroke changes
from 0.98J for a healthy valve to approximately 2.15J for the valve with all aortic stenosis and
coarctation. Their models were able to non-invasively predict the maximum left ventricle
systolic pressure and the workload of the left ventricle because of existing aortic stenosis
accompanied with coarctaion. The influence of the congenital bicuspid valve diseases
accompanied with coarctation on the flow behaviour inside the aortic root was also studied by
the same group.

Later, Motamed et al. [98] proposed a new approach to evaluate the severity of
coarctation of the aorta (COA) based on the Doppler velocity index and EOA. Three different
models of COA were developed and examined considering different flow rates and in the
presence of healthy and stenosed aortic valves (shown in Figure 2.4). Their results showed that
the peak-to-peak PG related to COA is highly dependent on the flow rate. Their findings
demonstrated that the COA Doppler velocity index and COA are independent of the flow rate
and the aortic valve conditions (i.e. healthy or stenosed aortic valve). In similar work by the
same group [99], a non-invasive technique to diagnose the higher workload of the left ventricle
using Magnetic Resonance Imaging (MRI) and Doppler Echocardiography was proposed.
They presented a novel lumped model to represent the ventricular-valvular-arteria interaction
in order to predict the stroke work of the left ventricle. They also introduced a new index named
normalised stroke work (N-SW) to evaluate the workload of the left ventricle. Their model was
validated against in-vivo data taken from 49 patients. Their results suggested that the N-SW
method used to diagnose the severe aortic stenosis is more valid for patients with lower flow
rate and TPG compared with patients with higher flow rate and TPG.
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Figure 2.4 Time-averaged wall shear stress at peak systole corresponding to normal (healthy valve
and aorta), isolated COA (healthy valve with coarctation in the aorta) and complex COA (bicuspid
valve with coarctation in the aorta) models of the aorta [98, 100].

Djebbari et al. [101] investigated the influences of aortic stenosis and regurgitation on
aortic valve hemodynamics using CFD and mathematical modelling. They developed a non-
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invasive mathematical model to simulate the aortic stenosis and regurgitation based upon
parameters such as EOA, blood pressure (BP) and stroke volume (SV) of the heart. They used
the proposed approach on two groups of patients who were suffering from different levels of
aortic stenosis and aortic regurgitation. Their results showed that patients with mild aortic
stenosis and moderate aortic regurgitation were at risk of having higher workload on the left
ventricle.

Keshavarz-Motamed et al. [102] presented an analytical model of the aortic valve in order
to estimate TPG for patients with aortic stenosis. The proposed model solved Navier Stokes
and elastic-deformation equations corresponding to the fluid and structural parts, respectively.
The mode was validated against in-vivo and in-vitro published data. Their results showed that
the proposed model could better estimate TPG in patients with a lower heart flow rate compared
to other in-vivo techniques [96].

Later, Keshavarz-Motamed et al. [103] developed a CFD and a lumped parametric model
taking benefit from the clinical data extracted from Doppler echocardiography, CT scan, and
MRI in order to simulate the left ventricle hemodynamics considering different levels of
paravalvular leakage (PVL) (i.e. mild, moderate, and severe PVVL). Their results showed that
the presence of a PVL affects the structure of the vortices inside the left ventricle and sinuses.
Furthermore, their findings demonstrated that the abnormal flow characteristic, due to the
presence of the PVL, significantly changes the shear stress on the aortic valve leaflets which
affected the durability of the valve after the TAV replacement. Moreover, their results reveal
that PVL also influences the flow behaviour as well as the shear stress values inside the left
ventricle which leads to higher workload on the left ventricle. This eventually results in a higher
risk of heart failure over time.

Despite valuable achievements and developments in CFD simulation of the aortic valve
diseases such as aortic valve stenosis, coarctation, and aortic regurgitation, the effect that the
structural motion has on the fluid flow is not accounted for in the CFD modelling. The fluid
and structural domains must be simultaneously resolved in order to accurately model the
dynamic motion of the aortic valve. In the following section, a well-known approach named
two-way FSI will be introduced. Then, a comprehensive review will be presented associated
with two-way FSI modelling of aortic valve pathologies.

2.8 Two-way fluid structure interaction (FSI) numerical approach

The past three decades have seen significant achievements in computational and
mathematical modelling through novel techniques to model fluid dynamics and structural
domains separately. However, these numerical techniques were not able to solve fully coupled
moving boundary problems associated with heart valves which involve interaction between the
blood flow and the deformable structural domain (leaflets). During the last two decades, two
novel techniques named Arbitrary-Lagrangian, Eulerian (ALE) and Cartesian and/or Immersed
boundary (I1B) [104] methods were developed to model the interaction between the fluid and
structural domains. However, researchers recently suggested that a method which combines
both numerical techniques (ALE & IB) would be beneficial to simulate the complex fluid
dynamics within the artificial heart valves [104].

In the following sections, various developed FSI techniques for the modelling of the
dynamic behaviour of aortic valves accompanied by their stability to evaluate the performance
of bioprosthetic and polymeric aortic valves will be reviewed.
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2.8.1 Fluid structure interaction simulation of aortic valves

Fluid structure interaction modelling has been widely used to model the interaction
between the blood flow and dynamical motion of the leaflets in the past few decades. For
example, Campen et al. [105] presented a 2D model of the disc-type prosthetic aortic valve
based on FSI simulation. They compared the results of a numerical simulation and
experimental data and showed that numerical simulation could model the dynamic motion of
the aortic valve leaflets. Krafczyk et al. [106] utilised a novel method of modified Lattice-
Boltzmann (LB) technique to model the deformation of the leaflets considering transient blood
flow. Another method was introduced by Cheng et al. [107] in which they used coupled 2D
Navier-Stokes equations accompanied with the ALE technique to model the dynamic
behaviour of mechanical aortic valves leaflets during the late systole phase (closure time). They
parametrically investigated the influence of the geometrical parameters such as the size of the
valve and the material properties of the leaflets. Their findings showed that the presence of
negative pressure values generated during the closure period and in the vicinity of the hinges
of the valve, increase the probability of thrombosis.

Later, Stijen et al. [108] simulated a 2D model of a mechanical aortic valve based on the
FSI method in order to investigate the hemodynamic characteristics of the bio-prosthetic aortic
valve in addition to various Reynolds and Strouhal numbers. The model includes two elastic
membranes surrounded by solid frame. They used FE and FV to solve the structural and fluid
domain, respectively. Their results showed that the shear stress around the hinges of the valve
is highly dependent on the Reynolds and Strouhal number especially during the systole.

Krishnan et al. [109] and Govindarajan et al. [110] investigated the probability of
activation of the platelets and formation of thrombosis in the vicinity of the hinge of the
mechanical aortic valve during the closure period. The Lagrangian particle tracking technique
was utilised in order to model the platelets considering all the forces. Their finding
demonstrated that the circulatory flow generated due to flow separation in the vicinity of the
leaflets apply higher shear stress on the particle which results in platelet activation.

Guivier et al. [111] utilised a similar method to compare the hemodynamic variation of
a healthy and stenosed aortic valve using a 2D numerical model. They used Lagrangian particle
tracking technique in their simulation. They reported that the stenosed aortic valve was unable
to close properly at the late systole, because of the reduced diameter of the valve generating
asymmetric and turbulent flow downstream of the leaflets which affect the dynamic motion of
the leaflets and their hemodynamics.

Cheng et al. [112] introduced a novel technique which was a combination of the
Immersed Boundary (IB) method, mathematical techniques, and Lattice Boltzmann (LB)
method in order to improve the accuracy of the FSI simulation. The proposed techniques were
successfully employed in a 2D model of the deformable leaflets of the mitral valve. The model
was validated against previously published numerical data in terms of flow characteristics and
dynamic deformation of the leaflets.

Choi et al. [113-116] conducted a series of investigations to analyse the performance of
a mechanical aortic valve based on the FSI technique. They utilised FE and FV in order to
couple the fluid and structural domains. They investigated the effects of the Newtonian and
Non-Newtonian pulsatile blood flow on the aortic valve hemodynamics and performance in
2D and 3D simulations. Their findings showed that large vortices were generated inside the
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sinuses at the peak systole. Their main findings were related to the effects of the angular
velocity of the leaflets at late systole which significantly affects the turbulent flow surrounding
the leaflets and also downstream of the leaflet. It was reported that the diverged turbulent flow
in the above-mentioned regions generated a higher wall shear stress in the vicinity of the
leaflets which results in blood cell damage.

The advantages of FSI simulation over purely FEA or CFD is the capability for modelling
the interaction between multiple domains. Consequently, the above-mentioned FE/FV
commercial codes used by the researchers obtained large popularity for evaluating the
performance of the bioprosthetic aortic valve. Dumont et al. [117] presented a 2D FSI model
of a bi-leaflet mechanical aortic valve at late systole (during closure time) using the FLUENT
commercial code. Later, the same method was utilised by Redaelli et al. [118] to develop a 3D
model of mechanical aortic valve. They used the coupled approach accompanied with an in-
house code to correlate the displacement of the leaflets to the forces measured in the fluid
domain. The obtained results of the angular velocity and displacement of the leaflets were
compared with the experimental results showing an approximately 7% error between the
experimental and numerical results.

Later, Nobili et al. [119] used FLUENT to investigate the effect of using weak and strong
coupling techniques in the FSI simulation of bileaflet mechanical valves. However, the overall
results of the displacement of the leaflets and flow patterns obtained from both methods (i.e.
weak and strong coupling) were similar. There were considerable differences between the
results obtained using the weak coupling method and the experimental data within the specific
regions. For example, the peak opening time and velocity obtained using the weak coupling
module had around 15% and 8% errors, respectively, compared with the experimental data.
Another study carried out by Nobili et al. [120] in which they utilised a commercial FV solver
accompanied with an implicit FEA package to perform coupled FSI simulation of the same
mechanical aortic valve. The results of this study were compared with the experimental data
and above-mentioned numerical work conducted by the same group, which showed that using
a novel coupled FV and FEA can provide more accurate results compared to that with weak
and strong coupling techniques. In the proposed novel coupled FV and FEA technigue, they
used FV to model the fluid domain and FEA to model the structural domain. Then, they
developed a code in order to couple these two methods with a semi-coupled FSI model.

Dumontetal. [121] used FLUENT to study the hemodynamic and dynamic performance
of two different models of mechanical valves (SJM and ATS) in order to predict possibility of
formation of thrombosis. They utilised implicit FEA and FVA methods to simulate the
interaction between the fluid and structural domains. The calculated mean pressure and velocity
distribution during the systole and through the valve for both types of valves were nearly
identical. However, the SIM model of the mechanical valve experienced a higher stress on the
blood platelets compared with that of the ATS model. Their findings showed that the presence
of a higher stress on the blood platelets increased the probability of thrombosis formation in
the SIM type of mechanical valve.

Although using commercial software has helped researchers to obtain reliable results
required for designing and evaluating the performance of bioprosthetic valves, better results
were obtained by modifying the FE/FV coupling method by incorporating tailored codes. For
example, researchers utilised an alternative technique to model a two-way FSI simulation of
the aortic valve such as Arbitrary Lagrangian-Eulerian method in order to synchronise the
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dynamic motion of the leaflets with the corresponding fluid force. Cheng et al. [122] used the
above-mentioned method to simulate a quarter of the 3D model of the Medtronic mechanical
valve. Their results showed that the possibility of thrombosis formation between the housing
of the valve and the leaflet edge.

Tai et al. [123] developed a fully immersed object technique in order to model the
interaction between the multiple domains of mechanical aortic valves. The fluidic forces were
obtained directly from the momentum equations considering the initial values of the velocity
distribution. This method was utilised by other researchers [124, 125] in which they reported
that the flow shear moment had almost no impact on the dynamic behaviour of the aortic valve
leaflets compared with the pressure difference moment which had a considerable effect on the
leaflet dynamics.

Pelloccioni et al. [126] presented a novel modelling technique for 3D FSI modelling of a
bi-leaflet mechanical aortic valve using General Lattice Boltzmann (LB) equations
accompanied by the multi-relaxation module. The mesh generation based on the modified LB
method was capable of capturing the dynamic behaviour of the leaflets during the systole phase.
The jet velocity along the valve was calculated based on the numerical technique, with a good
agreement between the flow pattern obtained through this study and experimental data captured
from high-speed photography.

The comprehensive study carried out by Borazjani et al. [127] who modified the sharp-
interface curvilinear method presented by Ge et al. [128] in order to simulate the large
deformation of the bi-leaflet mechanical aortic valve. Both weak and strong coupling modules
for FSI modelling of the aortic valve were implemented considering moving immersed
structure and Lagrangian grids fluid domains. They reported that stability of the FSI simulation
depends upon the material properties of the leaflets and physiological condition of the blood
flow domain. Furthermore, they proposed a novel Aitken’s acceleration method accompanied
by a coupling technique to increase the stability of the FSI simulation. The results showed that
the generation of high quality grids not only plays an important role in capturing the flow
characteristics during the systole, but also has an impact on the structural domain dynamic
stability. Later, another study conducted by the same group [127] in which they presented a
more accurate image showing the distribution of the flow along the same valve considering the
realistic shape of the sinuses. The MRI images of a healthy aortic valve were used to extract
the realistic shape of the aortic root and sinuses. The dynamic response of the leaflets under
the physiological flow conditions was analysed. Their results showed that the realistic model
witnesses higher shear stress in the vicinity of the leaflets compared with those of the simplified
sinus model.

Morbiducci et al. [129] developed a new FSI model accompanied by a Lagrangian
technique to analyse the dynamic performance of an aortic valve in order to predict platelet
activation. Their model showed that the probability of platelet activation at early systole is
higher than that at late systole. Furthermore, further investigations showed that the possibility
of thrombosis formation in a mechanical aortic valve is highly dependent on the magnitude and
orientation of the velocity and vorticity vectors. Their finding demonstrated that the rate of
platelet activation is more dependent on the spanwise vorticity magnitude (Rate > 0.94) rather
than streamwise vorticity magnitude (Rate > 0.78).
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Later, Simon et al. [130] developed a new micro scale silicon-based model of a prosthetic
aortic valve extracted from tomography scan images. They utilised both fully coupled sharp
Immersed Boundary and a second-order fractional-step technique to simulate the FSI model of
the leaflets and their corresponding hinges. A fine mesh around the hinge was generated in
order to obtain accurate results for the shear stress downstream of the leaflets and to capture
the complex turbulent flow in the vicinity of the leaflets as well as the vortical structures during
the systole and diastole. The findings of this study were used by the same group later [131]
where they investigated the possibility of thrombosis formation for the same aortic valve
model. The results showed that the formation of thrombosis is highly dependent on geometrical
factors such as the shape of the leaflets, the orientation of the leaflets hinge, and the width of
the leaflets gap.

De Hart et al. [132] used a fictitious domain method to develop a 2D model of an aortic
valve considering flexible leaflets and rigid sinus walls. The materials of the leaflets were
considered to be isotropic and incompressible. The dynamic motion of the leaflets was
validated against experimental data considering various physiological boundary conditions.
The proposed model was extended to a 3D model of the heart valve during diastole phases
[133]. Their results showed that the flow pattern is disturbed around the tips of the leaflets at
mid-diastole accompanied by maximum Cauchy stresses in the vicinity of the commissural
attachments. Another study carried out by the same group [134, 135] examined the influence
of the compliance of the aortic root on the stability of the bioprosthetic aortic valve. The
stentless fibre-reinforced biprosthetic aortic valve was modelled during the cardiac cycle and
the significance of the compliance of the aortic root was investigated. Their findings
demonstrated that the presence of the compliance of the aortic root not only affects the opening
and closing time of the aortic valve leaflets, but also significantly decreases stresses on the
leaflets of the aortic valve.

Despite various studies carried out by de Hart using FSI simulation of the bioprosthetic
and polymeric aortic valve, the validity of their simulation in terms of stress magnitude
estimation and symmetrical flow behaviour along the valve are questionable. Since the 3D
FE/FV model analysed only one-sixth of the entire valve, therefore assuming symmetrical
modelling without considering the effect of contact stress in the vicinity of the leaflets was
completely questioned. This assumption could influence the accuracy of the results especially
in the early and late systole phases. Moreover, due to limitations related to the mesh updating
technique, the number of elements used in the fluid domain were not sufficient to provide
accurate results in some sensitive areas such as the recirculation zones inside sinuses as well
as the shear stress near the walls [136].

Later, Loon et al. [136, 137] presented a new FSI technique to model the large
deformation of aortic valve leaflets in which the fluid and structural parts were meshed
independently. To consider the non-conformal fields at the contact area, a Lagrange multiplier
was defined in which the stability of the system was controlled by taking advantage of adaptive
meshing techniques. However, the mesh inside the contact area was not well defined in the
modelling, and they assumed that the presence of the non-conformal mesh in either the fluid
and structural domains could compensate for the complexity of the mesh inside this region.

Vierendeels et al. [138] developed a novel coupling algorithm in order to simulate an FSI
model of flexible leaflets in which they utilised CFD code to solve the fluid domains
accompanied with an in-house solver code for the structural part. The proposed simulation was
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a 2D model of a single aortic valve leaflet inside the sinus cavity. The pressure difference was
applied as a boundary condition in order to investigate the dynamic motion of the leaflets.

Nicosia et al. [139] developed a FE aortic valve model in which they introduced a new
fully coupled FV/FE model of the aortic valve considering the aortic root. The realistic model
of an aortic valve extracted from MRI images and the LS-Dyna software was used to model
the dynamic behaviour of the leaflets considering the physiological pressure profile as
boundary conditions in the model. The general motion of the aortic valve leaflets was compared
with the motion of a natural valve. Furthermore, the vortical structure within the sinus cavity
was compared with that available in the literature for validation purposes. Later, Einstein et al.
[140] proposed a 3D dynamic model of a mitral valve based on a 3D membrane formulation
technique. The model was validated against in-house experiment in which they used a left-
ventricle heart simulator working under physiological blood flow conditions.

Ranga et al. [141] proposed an FSI numerical model of an aortic valve which was
validated against in-vivo data. The total displacement of the leaflets and stress distributions
(von Mises Stress) on the leaflets was calculated. Furthermore, the MRI data such as valve
opening, closing, and ejection times were compared with those calculated through numerical
simulation. Their findings showed that the lack of compliance in the modelling of the aortic
root affects the measured stress values on the leaflets. Moreover, their results revealed that
different geometry of the sinuses not only affects the dynamic motion of the leaflets during the
systolic phase but also impacts the valve closure time. Generally, the results showed the
vortical structures generated inside the sinuses affect the dynamic performance of the leaflets.

2.8.2 Sinus vortex structural modelling based on fluid structure
interaction

The sinus vortex structure of the aortic valves can, in turn, affect hemodynamic
parameters inside the aortic root. To investigate this, Morsi et al. [142] investigated the
dynamical and hemodynamic performance of a polymeric aortic valve using a weak coupling
FSI technique. The model was examined based on the ALE method in ANSYS software and
considered various Reynolds numbers. Their results demonstrated that the dominant
recirculation zone initiated downstream of the leaflets and developed towards the axis of
symmetry of the leaflets during the systole phase. Wall shear stress (WSS) was measured on
the leaflet and higher WSS reported in the vicinity of the tips of the leaflets.

Watton et al. [143] proposed a fully coupled FSI model of a bileaflet mechanical mitral
valve based on the IB method. The proposed model was examined under four different non-
physiological flow conditions in order to find the optimised design of the bioprosthetic mitral
valve. The proposed FSI model captured the dynamic motion of the leaflets and flow patterns
through the valve with some discrepancies compared to the reported experimental data. The
errors were mostly due to the inaccurate modelling of the material properties of the leaflets as
well as the quality of the mesh, especially in critical areas. Another study conducted by Watton
et al. [144] in which a similar approach was used based on the Immersed Boundary method,
but this time with more realistic boundary conditions (physiological flow). The results of this
study were compared with in-vivo data showing less error due to using the physiological blood
flow rate profile.
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Later, Katayama et al. [145] developed an FSI model of a bioprosthetic aortic valve in
which the effects of the presence (and lack of) the sinuses on the stress distribution on the
leaflets were investigated. The physiological pressure waveform was considered at the inlet
and outlet of the model as boundary conditions. Their results showed that the leaflets of the
model incorporating sinuses experience lower bending stress values at the late diastole
compared with that without sinuses.

Chandra et al. [146] presented new FSI models of bicuspid and tricuspid aortic valve
(BAV and TAV) in order to compare the hemodynamic variations inside the aortic root in terms
of the presence of the TAV and BAV. The study aimed to quantify the influence of the
abnormalities of the aortic valve on the initiation of aortic valve pathologies such as calcific
aortic valve (CAVD). The proposed FSI models of the bicuspid and tricuspid aortic valve were
validated against experimental data using particle imaging velocimetry (PIV) techniques. The
flow velocity field, the effective orifice area of the valve and the wall shear stress on the leaflets
were compared with those measured in the experiment. Their results showed significant
changes in hemodynamic parameters, especially the WSS on the leaflets corresponding to the
BAV may result in a rapid progression of CAVD.

Another study carried out by the same group [147] on the wall shear stress distribution
on different layers of the leaflets (i.e. fibrosa and ventricularis layers) for the BAV and TAV.
They presented 2D FSI models of the normal TAV and abnormal BAV using a Lagrangian-
Eulerian method. The performance analysis of the aortic valve was conducted by calculating
the valve effective orifice area (EOA), oscillatory shear index (OSI) and temporal shear
magnitude (TSM). Their results showed that the EOA corresponding to BAV reduces by 49
percent compared to that of the TAV. Furthermore, the results demonstrated that different
segments of the leaflets (i.e. tip, belly, and base of the leaflets) experienced varying magnitudes
of WSS (shown in Figure 2.5).
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Figure 2.5 Shear stress distribution on aortic valve leaflets: (a) shear stress contour in the TAV and
BAV10 at peak systolic phase, (b) variation of temporal shear stress in different segments of the
leaflets (i.e. tip, belly, and base) for TAV, BAV10 and BAV16; NC and F refer to non-coronary

and fused leaflets, respectively [147].

Later, Cao et al. [148] proposed a 3D FSI model of a tricuspid aortic valve in which the
dynamic behaviour of the leaflets and valvular flow pattern were simulated based on an
Arbitrary Langrangian-Eulerian approach. The performance evaluation of the tricuspid aortic
valve was conducted by calculating and analysing temporal shear magnitude (TSM),
oscillatory shear index (OSI), and temporal shear gradient (TSG). Their results revealed that
the ventricularis side of the leaflets experienced a higher magnitude of WSS compared to the
fibrosa side of the leaflets. Furthermore, the WSS in different areas of the leaflets (i.e. base,
belly, and tips) were calculated and compared. Based on their results, the average wall shear
stress (AWSS) on the belly segments of the leaflet was the highest compared to the other areas.
This study provided a new insight in the 3D modelling of the dynamical motion of the aortic
valve leaflets, however the presence of the coronary arteries were completely neglected.

A similar study was conducted by Cao et al. [16, 149] in which a 3D model of an
ascending aorta was simulated based on FSI methodology. The influences of the aortic dilation,
abnormality of the aortic valve, and fusion in the bicuspid aortic valve on the hemodynamic
parameters within the ascending aorta and at a particular segment were investigated. The flow
pattern inside the ascending aorta was compared considering the presence of either a tricuspid
aortic valve or a bicuspid aortic valve with different fusion morphologies such as left-right
coronary cusp fusion, right-non coronary cusp fusion and non-left coronary cusp fusion. Their
results emphasised that the presence of an abnormal valve condition generates velocity and
WSS abnormalities (shown in Figure 2.6) within the ascending aorta which result in arterial
dilation. Another study carried out by the same group [150] in which the transvalvular pressure
gradient corresponding to tricuspid and bicuspid aortic valves with different morphologies,
were calculated and compared based on ALE/FSI simulation.
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Figure 2.6 Velocity streamlines inside the ascending aorta during cardiac cycle considering
different types of the aortic valve: tricuspid aortic valve, bicuspid aortic valve with left-right
coronary cusp fusion (LR-BAV), right-non coronary cusp fusion (RN-BAV), and non-left coronary
cusp fusion (NL-BAV) [16, 149].

Amindari et al. [15] developed 2D models of a healthy and a calcified aortic valve
based on FSI simulation using ASNYS software. They investigated the influence of the
calcification of the aortic valve on the hemodynamic parameters inside the aortic root in the
absence of coronary arteries. The WSS on different sides of the leaflets (fibrosa and
ventricularis sides) were calculated and validated against in-vivo data. Their findings show that
calcification significantly affects the TPG through the aortic valve as well as the WSS on the
leaflets. Their finding elucidated that the difference between the WSS of the different sides of
the leaflets may contribute to the initiation of CAVD.

Tango et al. [151] developed a 3D FSI model of a healthy bioprosthetic aortic valve in
order to better understand the bioprosthetic valve function during opening and closing times,
and the sinus vortex structures. The model was qualitatively and quantitatively validated
against PIV experimental data. Their findings mainly emphasised that the proposed FSI
modelling plays an important role in the prediction of pathologies corresponding to the aortic
valve. The main limitation of the proposed model was the lack of coronary artery ostia in their
FSI simulation. The presence of the coronary artery ostia in the modelling is very crucial
because it not only changes the flow pattern inside the sinus cavity and accordingly affects the
hemodynamics of the coronary artery and aortic root, but also increases the instability of the
FSI simulation and make it challenging to be modelled.
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Despite significant achievements and development in the design and analysis of aortic
valves based on the FSI technique, to the best of the authors knowledge, the FSI simulation of
aortic valves considering the effect of the presence of the coronary arteries still has not been
completely analysed. The influence of calcification on the hemodynamic parameters within the
aortic root, as well as the coronary artery flow pattern and hemodynamics, still remain
unknown. Furthermore, based on clinical data, the location of the coronary artery ostia varies
in different patients. Therefore, it is hypothesised that the locations of the coronary artery ostia
may affect the hemodynamic parameters of the aortic valve and result in initiation and
progression of the CAVD.

2.9 Concluding remarks

This chapter provides a comprehensive overview of the common modelling techniques
used in numerical simulation of the aortic valve and its corresponding pathologies such as
aortic valve stenosis, congenital abnormalities (i.e. bicuspid aortic valve and cusp fusions),
dilation of the aorta, and coarctation of the ascending aorta. It was determined that the presence
of the coronary artery ostia inside the sinus cavity not only affects the hemodynamic parameters
within the aortic root and vortical structures inside the sinus cavity but also changes the
hemodynamic parameters inside the coronary arteries which leads to the initiation and
progression of coronary artery diseases. Furthermore, based on clinical data, the location of the
coronary artery ostia inside the sinus cavity affects the sinus vortex structures and the wall
shear stress on the aortic valve leaflets which result in the initiation and progression of calcific
aortic valve diseases. Hence, in light of the literature review, the primary objectives of this
research are defined as follows:

% To develop a numerical two-dimensional simplified model of the aortic valve in order
to understand the effects of calcification of the aortic valve leaflets (stiffening of the
aortic valve leaflets) on flow behaviour inside the sinus cavity, sinus vortex structures,
hemodynamic variation within the aortic root as well as coronary arteries.

% To investigate the importance of the location of the coronary artery ostia on the flow
patterns and vortical structures inside the sinus cavity as well as the hemodynamic
variation within the coronary arteries such as the wall shear stress on the walls of the
coronary arteries. The proposed model can be used to predict the TPG for different
aortic valve models in terms of the positions of the coronary artery ostia.

% To investigate the effects of coronary artery stenosis on sinus vortex structures and
hemodynamics, as well as the wall shear stress variation on the aortic valve leaflets.
The model can be used to predict the variations of the wall shear stress on the leaflets
and its correlation with CAVD.

% To develop a numerical model validated against in-vitro in-house experiments in order
to predict the probability of the wall shear stress distribution on the leaflets for different
valve types. The model can be used to find the relationship between the wall shear stress
on the leaflet and the possibility of CAVD.
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Chapter 3

Effect of Calcification of the aortic valve on coronary artery
hemodynamics

In Chapter 1, a brief introduction regarding the anatomy of the aortic valve, its function
inside the body, common aortic valve diseases, and treatments and methods to diagnose
stenosis of the aortic valve were presented. The techniques used to replace the stenosed aortic
valves were also discussed. In Chapter 2, a comprehensive literature review encompassing the
experimental and numerical approaches used to simulate the pathologies of the aortic valve
were explained. The chapter concluded by defining the objectives of the project based on the
identified gaps.

Clinical data shows that patients with aortic valve stenosis are reported to have reduced
coronary artery flow during the cardiac cycle. The reduced coronary artery flow in patients
with aortic valve stenosis may lead to myocardial ischemia and left ventricle dysfunction which
results in heart failure over time. Furthermore, in-vivo data shows that patients with aortic valve
stenosis have symptoms of coronary artery disease. It is also believed that coronary artery
disease and aortic valve stenosis are interdependent, however, the mechanism behind this is
not clear. This chapter is focused on providing an answer to the following research question
which is the first objective of the project: whether leaflet stiffening affect coronary artery
hemodynamics and results in the initiation of coronary artery disease?

A fluid structure interaction model of the simplified aortic valve leaflets incorporating
coronary artery ostia extracted from a two-dimensional echocardiography image is presented.
The effect of calcification of the aortic valve leaflets on the hemodynamic parameters within
the aortic root and coronary arteries, the flow pattern inside the sinus cavity, and the
transvalvular pressure gradient along the valve are investigated. The correlation between the
calcification of the aortic valve and coronary artery diseases is elucidated. To reveal this, the
influence of aortic valve stenosis (leaflet thickening) on the wall shear stress inside the
coronary arteries is analysed and the susceptible locations for initiation and progression of
coronary artery atherosclerosis are found.

Details of the methodology, supporting evidence and data are presented and explained in
this chapter which consists of the published journal article:

Araz. R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C Zander, Ross
Roberts-Thomson, Adam J. Nelson, Maziar Arjomandi, Fluid structure interaction
modelling of aortic valve stenosis: Effects of valve calcification on coronary artery flow
and aortic root hemodynamics, Journal of Computer Methods and Programs in
Biomedicine, 196, 2020, 105647.
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Chapter 3 Effect of calcification of the aortic valve on coronary artery hemodynamics

Fluid structure interaction modelling of aortic valve stenosis: effects
of valve calcification on coronary artery flow and aortic root
hemodynamics

Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander, Ross
Roberts-Thomson, Adam J. Nelson, Maziar Arjomandi

3.1 Abstract

Coronary artery diseases and aortic valve stenosis are two of the main causes of mortality
and morbidity worldwide. Stenosis of the aortic valve develops due to calcium deposition on
the aortic valve leaflets during the cardiac cycle. Clinical investigations have demonstrated that
aortic valve sclerosis not only affects hemodynamic parameters inside the aortic root but also
has a significant influence on the coronary artery hemodynamics and leads to the initiation of
coronary artery disease. The aim of this study is to investigate the effect of calcification of the
aortic valve on the variation of hemodynamic parameters in the aortic root and coronary arteries
in order to find potential locations for initiation of the coronary stenoses. Fluid structure
interaction modelling methodology was used to simulate aortic valve hemodynamics in the
presence of coronary artery flow. A 2-D model of the aortic valve leaflets was developed in
ANSYS Fluent based on the available echocardiography images in literature. The k-w SST
turbulence model was utilised to model the turbulent flow downstream of the leaflets. The
effects of calcification of the aortic valve on aortic root hemodynamics including transvalvular
pressure gradient, valve orifice dimeter, vorticity magnitude in the sinuses and wall shear stress
on the ventricularis and fibrosa layers of the leaflets were studied. Results revealed that the
transvalvular pressure gradient increases from 792 Pa (~ 6 mmHg) for a healthy aortic valve
to 2885 Pa (~ 22 mmHg) for a severely calcified one. Furthermore, the influence of the
calcification of the aortic valve leaflets on the velocity profile and the wall shear stress in the
coronary arteries was investigated and used for identification of potential locations of initiation
of the coronary stenoses. Obtained results show that the maximum velocity inside the coronary
arteries at early diastole decreases from 1 m/s for the healthy valve to 0.45 m/s for the severely
calcified case. Calcification significantly decreases the wall shear stress of the coronary
arteries. This reduction in the wall shear stress can be a main reason for initiation of the
coronary atherosclerosis process and eventually results in coronary stenoses.

3.2 Introduction

Aortic valve disease is the most common form of valvular heart disease (VHD) in the
elderly and frequently coexists with coronary artery disease [1]. Contemporary registries
suggest the prevalence of coronary artery disease increases with age and the presence of aortic
stenosis such that over half of all patients require simultaneous coronary bypass during valve
surgery [2]. Aortic valve disease of the elderly occurs when calcium deposits on aortic valve
leaflets over time, thereby changing the geometry and material properties of the aortic valve
leaflets [3-5]. Invasive studies demonstrate that changes in the geometry and material
properties of the aortic valve leaflets not only affect hemodynamics within the aortic root but
also have a significant impact on coronary blood flow [6-8]. The hemodynamic variations in
coronary arteries due to calcification may lead to accelerated atherosclerosis and eventually
result in coronary stenosis [9, 10].
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Position of the aortic
valve in the heart

Leaflets

Coronary arteries

Figure 3.1 Schematic view of the position of the aortic valve inside the heart [11]

Clinical investigations [12] show that the wall shear stress plays a significant role in the
initiation of atherosclerosis within the coronary arterial wall and the progression of the calcium
deposition on the leaflets. Calcification and atherosclerosis are, however, complex
multifactorial processes which are yet to be completely understood [8, 13, 14]. It is believed
that blood flow-induced shear stress affects the endothelial cells, leading to endothelial
dysfunction, inflammatory responses, oxidative stress which remodels the artery wall and valve
structure, and eventually results in progression of calcification and initiation of atherosclerosis
[15-17]. For example, a recent study carried out by Hatoum et al. (2019) shows that the
recirculation zone in the sinuses for a calcified aortic valve changes the wall shear stress on the
aortic valve leaflets and results in progression of calcium deposition. They also demonstrated
that the calcified aortic valve leaflet experiences a smaller range of shear stress with higher
shear stress probabilities during the systole compared to that of a healthy valve.

During the past decades, researchers have investigated pathologies of aortic valve and
coronary arteries using numerical [18, 19], clinical (in-vivo), and experimental (in-vitro)
methods [8, 16, 20-22]. In numerical modelling, finite element analysis (FEM) and
computational fluid dynamics (CFD) have been used to investigate valve hemodynamics [23-
26]. The FEM studies [23, 27] considered only the structural domain and did not account for
the effect of fluid in their simulations. Similarly, the CFD simulations are not able to capture
the effect of the structural domain on the fluid one.

To overcome the limitations of the aforementioned works not being able to model the
fluid and structure domain simultaneously, fluid structure interaction (FSI) modelling has been
employed by researchers [28, 29] to study the influence of the valve structure and the coronary
wall on the fluid domain. For example, Weinberg and Mofrad [30] developed a FSI model of
the aortic valve with nonlinear, anisotropic material properties and investigated the effect of
material properties on leaflet strain during the cardiac cycle, comparing the impact of trileaflet
and bicuspid valve morphology. They found that nonlinearity in the material properties of the
bicuspid aortic valve has a significant effect on leaflet strain compared to that of the trileaflet
valve. Katayama, Umetani, Sugiura and Hisada [31] developed a model of the aortic valve to
investigate the impact of the presence of sinuses on hemodynamic parameters inside the aortic
root, and found that the presence of the sinuses affect the opening time of the valve. These
aforementioned studies have not considered coronary arteries in their model, although the
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presence of coronary flow is able to change the hemodynamic parameters inside the aortic root
[32, 33].

To consider the effect of coronary arteries, Kim, Vignon-Clementel, Coogan, Figueroa,
Jansen and Taylor [34] developed an FSI model of the aortic root including coronary arteries.
However, the model did not incorporate the leaflets and sinuses. Nobari, Mongrain, Leask and
Cartier [32] extended the model of Kim et al. (2010) by adding right and left coronary arteries.
They also utilised the ALE approach to simulate an FSI model of the aortic valve. Mohammadi,
Cartier and Mongrain [35] improved the previous model by considering the tapered shape and
branches of the coronary arteries. They used the combined FD and ALE approaches to simulate
the model of the aortic valve. They investigated the effect of narrowing of the coronary arteries
on the wall shear stress inside the coronary arteries based on the explicit finite element method
using LS-DYNA software. Cao et al. (2017) presented a FSI model of the aortic valve with
coronary arteries and investigated the impact of having coronary artery on leaflet wall shear
stress. They found that vortex development in sinus due to the presence of coronary arteries
can, in turn, changes the magnitude of the leaflet wall shear stress. However, the impact of
aortic valve stenosis on the hemodynamic parameters inside the aortic root, flow features in
sinuses, and wall shear stress on the leaflets were neglected.

In this paper, the effect of valve stenosis on the aortic root and coronary hemodynamic
parameters as well as the shape of the vortices inside the sinuses and the aortic root
hemodynamics were investigated. To do this, 2D models of the healthy, calcified and severely
calcified aortic valves were developed in ANSYS Fluent based on the echocardiography
images available in the literature. In order to capture the turbulent nature of the flow
downstream of the leaflets, the k-w SST turbulence model was used. The influence of the
calcification of the aortic-valve leaflets on hemodynamic parameters inside the aortic root, such
as transvalvular pressure gradient, valve orifice diameter, maximum jet velocity along the valve
orifice, wall shear stress on the fibrosa and ventricularis layers of the leaflets, was investigated.
The impact of calcification of the aortic valve leaflets on the flow pattern in the sinuses was
also studied; the vorticity magnitude corresponding to different points behind the leaflets was
calculated in order to show how strong vortices can become as a result of the stiffening of the
aortic valve leaflets. Furthermore, the flow features such as velocity magnitude, and the wall
shear stress on the coronary walls inside the coronary arteries were studied in order to show
the significance of the calcification on coronary hemodynamics. Based on the calculated
hemodynamic parameters, susceptible locations for the initiation of coronary artery disease
were determined.

3.3 Methods

In this study, a model of a 2D healthy aortic valve was developed in a commercial
software package, ANSYS Workbench 19.1. The model geometry was based on the 2D
echocardiography images of a healthy tricuspid aortic valve available in the literature for a
healthy person of 27 years of age [36]. The numerical model consists of two different domains:
fluid (blood flow field) and structure (deformable leaflets). Fluid structure interaction
methodology was used to model the interaction of the fluid and structural domains. In the
following paragraphs, the domains are explained.

3.3.1 Fluid domain (blood flow field)

As depicted in Figure 3.2 (a), the fluid domain consists of four regions: inlet, outlets
(coronary and aorta) and blood flow region. The blood is considered as a Newtonian,
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incompressible fluid with constant viscosity of 0.0035578 Pa.s and density of 1060 kg/m? [37].
As seen in Figure 3.2 (b and c), the inlet (ventricle side), sinus and coronary arteries are 16
mm, 25 mm, and 3 mm in diameter, respectively. These data were extracted from the
echocardiography images shown in Figure 3.2 (c) [36].

Sinuses
Outlet (coronary) e
AN .

\‘\ N »

Inlet
Outlet (aorta)

R=10 mm

Flexible leaflets s
Sinotubular Junction (STI)

(@) (b)

.= Leaflet

Figure 3.2 Schematic view of (a) healthy aortic valve with flexible leaflets, the sinuses are indicated
by a yellow dash-line, flow directions for the inlet and outlet are shown using red arrows, (b) fluid
domain mesh and boundary conditions; denser meshes are generated near the wall and leaflets to
improve the accuracy of results, (c) echocardiography images from a healthy aortic valve [36]; the
shape of the sinuses and leaflets are traced using a red and white line, respectively.

The flow is considered to be incompressible and isothermal conforming to the Navier-
Stokes equations based on the k-w SST turbulence model as follows:
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in which standard values and the constants are based on values proposed by [38].

For the fluid field, an unstructured mesh was generated based on the sweep method. To
improve the accuracy of the results, inflation layers were applied to the walls of the sinuses and
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leaflets. To resolve the boundary layers with higher accuracy, the mesh near the artery and
leaflets walls was denser with maximum skewness of 0.68. The total number of elements inside
the fluid domain is around 10,000, as shown in Figure 3.2 (b). To satisfy the mesh
independency requirement, a sensitivity analysis was carried out for the pressure and velocity
components for two grid sizes. Results showed that only a 2% difference between the
calculated parameters when the number of elements was increased from 10,000 to 14,000.
However, the computation time increased by about 40%.

In order to accurately model the deformation and movement of the leaflets, the mesh
needs to be updated at every time step. To do this, a spring-based smoothing and re-meshing
technique was used to generate a high quality mesh at every time step. Because of the presence
of vorticities behind the leaflets and a peak Reynolds number of 2804, the k-w SST turbulence
model was used to model the turbulence flow downstream of the leaflets. ANSY S-Fluent was
used to solve the fluid domain. Three sets of boundary conditions were defined in the fluid
flow field. At the inlet (ventricular side), a time-dependent velocity profile (shown in Figure
3.3) was considered as the boundary condition. The transient velocity profile for the boundary
condition at the inlet was obtained from measured data (based on Doppler imaging) available
in the literature [36]. At the coronary outlets, a transient pressure profile (based on the
published data) and outflow was considered as the boundary condition (also shown in Figure
3.3), which was obtained from the clinical data of the average coronary flow [39]. To obtain
the required information from the interior domain, the outflow boundary condition was
considered at the outlet (aorta). The walls of the sinuses were assumed to be rigid. To
investigate the validity of this assumption, a sensitivity analysis has been carried out for the
pressure and velocity components for two different models: one model with flexible leaflets
and sinus walls, and another model with flexible leaflets but solid sinus walls. Results show
that a 0.1% difference between the calculated parameters for solid and flexible sinus walls.
However, the computation time was increased by about 20% for flexible sinus walls.
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Figure 3.3 Inlet transient velocity profile applied at the inlet plane of the model (blue), physiological
pressure at coronary outlets (red). Based on measurements used by [32, 35, 36, and 39].
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3.4 Structural domain (deformable leaflets)

The structural domain of the model consists of two flexible leaflets which move as they
are exposed to blood flow. The leaflets are assumed to be isotropic with density of 1060 kg/m?,
Poisson’s ratio of 0.3 and Young’s modulus of 2 MPa [23, 25, 36]. It is considered that calcium
is uniformly distributed on the leaflet layers. The Young’s modulus for the calcified and
severely calcified cases are set to be 10 MPa, and 20 MPa, respectively [23, 25, 36]. ANSYS
Mechanical APDL was used to solve the equations of the motion of the leaflets and find the
dynamic responses, stresses and strains of the leaflets based on the Newmark time integration
method. The mesh used for the leaflets was generated using the sweep method comprising 120
quadratic tetrahedral elements with a minimum of two elements through the thickness. To
satisfy the mesh independency requirement, a constant pressure was applied to the leaflets and
a mesh convergence study was carried out at steady state. Results show that the accuracy of
the solution does not change for the models with more than 100 tetrahedral elements and with
a maximum skewness of 0.43. The mechanical properties of the fluid and structural domains
and the boundary conditions applied to the fluid domain are presented in Table 3.1 and Table
3.2, respectively.

Table 3.1 Mechanical properties of the fluid and structural domains used in the modelling

Domain Dynamic Density Young’s modulus Poisson’s
viscosity (Pa.s) (kg/md) (MPa) ratio

Fluid (blood)

Incompressible, 0.0035578 1060

Isothermal, Newtonian

Structure (leaflets) 2 (healthy)

Linear elastic, Isotropic 1060 10 (calcified) 0.3

20 (severely calcified)

Table 3.2 Boundary conditions used in the modelling

Inlet Outlet FSI surface Walls
(coronary)
Transient Physiological Fluid structure interaction Solid walls
Boundary conditions: pulsatile pressure outlet | surface between the flexible | for sinuses
velocity inlet elastic leaflets and blood and aortic
flow root

3.5 Two-way FSI

To model the interaction between the fluid and structure domains, two methods are proposed
in the literature: one-way uncoupled and two-way coupled approaches [40]. For a model in
which the structural domain undergoes large deformation due to the strong interaction between
the domains, a two-way coupling approach is recommended in the literature [41]. A two-way
coupled approach is based on either explicit or implicit techniques. In this work, the ANSYS
explicit coupling module was used to model the interaction between the fluid flow and the
movement of the flexible leaflets. Based on this technique, the continuity, Navier-Stokes, and
turbulence equations related to blood flow were solved in Fluent. The deformation equations
of the flexible leaflets were solved in Mechanical APDL. At every time step, the data including
force and displacement was exchanged between the Fluent and Mechanical APDL modules.
The schematic view of the system coupling module in ANSYS is illustrated in Figure 3.4.
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Figure 3.4 Schematic view of the system coupling module in ANSYS. The Navier Stokes, continuity,
and turbulence equation were solved by Fluent. The deformation equation related to the flexible
leaflets were solved by Mechanical APDL in ANSYS. In order to achieve converged results, the data
including force and displacement were iteratively exchanged between the APDL and Fluent based
on the System Coupling Module in ANSYS.

3.6 Results and Discussions
3.6.1 Validation of the model

For validation purposes, two hemodynamic parameters calculated for the healthy valve
were compared against published data [42, 43]. The calculated transvalvular pressure gradient
TPGmax and average wall shear stress (AWSS) for the presented work and previous experiments
[43, 44] are given in Table 3.3.

Table 3.3 TPGrax and AWSS comparison between previous in-vivo experiments and FSI modelling

TPGmax (Pa) AWSS (Pa)
Experiment 799 [43] 7.9 [44]
Present work 792 8.4

To further validate the model, the results were qualitatively compared against recently
published PI1V data by [17]. Figure 3.5 shows a comparison of streamlines and flow features
between the present simulation and the experimental results during systole. As can be seen, the
developed model captures the unsteady flow features in the sinuses similar to the observed
structures in the PIV experiment. However, there are slight deviations due to the existence of
coronary arteries in the present model and differing dimensions.
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Aortic root  Recirculation zone
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(a) (b)
Figure 3.5 A comparison of the flow streamlines around peak systole in sinus between (a) the PIV
experiment [17] and (b) present simulation. The vortices captured in the numerical simulation
matches well with those of the PIV experiment.

3.6.2 Effects of calcification on hemodynamic parameters

Velocity contours and streamlines of a healthy aortic valve during a cardiac cycle are
depicted in Figure 3.6. As shown, during the systole, when the mass flow rate starts to grow,
the pressure on the leaflets (ventricle side) increases and opens the valve. The opening of the
valve increases in size by increase in mass flow rate up to maximum flow rate at peak systole
when the valve witnesses maximum opening (t=0.1 s). Then, the flow rate starts to decrease
and accordingly the leaflets close gradually until early diastole (t=0.32 s). At this time valve
closes suddenly due the pressure difference between the left ventricle and the aorta. During
closure period, blood flows into the coronary arteries in order to perfuse the myocardium
(shown in Figure 3.6 d and e). The flow velocity in the aortic valve reaches its peak value of
1.65 m/s, while the maximum velocity is around 1 m/s at the inlet of the coronary artery; the
results reveal that there is a lag between the peak velocity along the aortic valve and that of the
coronary arteries. In comparison, the maximum velocity calculated for a healthy aortic valve
by Amindari et al. (2017) was around 1.57 m/s. This difference in maximum velocity value is
due to a lack of coronary arteries in their model. To show the recirculation zones in the sinuses,
the velocity streamlines during cardiac cycle are illustrated in Figure 3.6 (f-j). The streamlines
of the flow during the cardiac cycle show formation of various recirculation zones. In mid-
systole, a recirculation zone is observed behind the leaflets. These vortices not only result in
leaflet closure but also allow blood to flow into the coronary arteries. As seen, at late-systole
and mid-diastole, the magnitude of the vortices increase and result in a significant increase in
the volume of blood in the coronary arteries. The pressure difference between the left ventricle
and aorta changes the magnitude and location of the recirculation zones. As shown, at mid-
diastole (shown in Figure 3.6 (1)), three different vortices are observed; one near the tip of the
leaflets (shown by red arrows in Figure 3.6 (i)), one attached to the wall of the sinuses (shown
by black arrows in Figure 3.6 (i)) and another is located near the base of the ventricularis side
of the leaflets (shown with yellow arrows in Figure 3.6 h and i). It is worth mentioning the
presence of vortices leads to high amplitude oscillations of the leaflets during the cardiac cycle,
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particularly at the diastole phase. It is implied that the vortices affect the dynamic motion of

the leaflets.
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Figure 3.6 Velocity contour (a-e) and streamline (f-j) for a healthy aortic valve during cardiac cycle.

As the healthy valve starts to open, at early systole the shear between the jet and cavity
flow results in generation of the primary counter-clockwise (CCW) vortex which grows in size
as the valve continues to open. This consequently forms another vortex in the cavity which
rotates in the opposite direction. When the valve starts to close, the cavity area increases,
resulting in growth of vortices. Theses vortices migrate towards the middle of the cavity to
become the dominant flow features occupying the entire cavity area. By the end of cardiac
cycle, the flow rate decreases and the vortices migrate to the sinotubular junction (STJ) due to
the inertia of the flow.

In order to show the effect of calcification on hemodynamic parameters inside the aortic
root, the velocity contours and streamlines of the calcified aortic valve with modulus of
elasticity E=10 MPa are illustrated in Figure 3.7. Calcification stiffens the leaflets by changing
the material properties of the aortic valve leaflets. The stiffer leaflets do not open or close at
the same rate nor to the same extent, which lead to changes in the hemodynamic parameters of
the aortic root such as the transvalvular pressure gradient, valve orifice diameter, and maximum
jet velocity in the aortic valve. As depicted in Figure 3.7, calcification increases the maximum
jet velocity in the aortic valve from 1.65 m/s for the healthy valve to 2.23 m/s for the calcified
case. By contrast, the maximum velocity at the inlet of the coronary artery decreases from 1 m/s
for the healthy valve to around 0.45 m/s for the severely calcified one at early diastole.
Furthermore, the opening diameter of the calcified aortic valve decreases due to an increase in
the stiffness of the leaflets, which results in a significant increase in the pressure difference
between the left ventricle and the aorta. This pressure difference changes the location of the
recirculation zone and its magnitude in the sinuses. As shown in Figure 3.7 h and i, the vortices
become larger near the fibrosa and ventricularis side (shown by a dash line) for the calcified
aortic valve compared to the healthy one (shown in Figure 3.7 h and i).
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The same scenario is repeated for the calcified aortic valve. In this case, at mid-systole,
the primary CCW recirculation zone is slightly longer than that of the healthy valve due to the
larger area of the sinuses. Furthermore, apart from the primary CCW and CW vortices in the
sinuses, two other vortices are generated behind the leaflets (shown in Figure 3.7 i) due to the
smaller aortic orifice diameter and larger area of the sinuses. Therefore, the flow behind the
sinuses is a combination of small vortices accompanied by primary vortices. The combined
vortices behind the leaflets may be a cause of flow stagnation and calcification.

% \ t=0.04s / '\ t=0.16s / \ t=0.28s t=0.55s =0.72s

Early Systole Mid Systole Late Systole Mid Diastole Late Diastole
2.2 '
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) (@) (h) (i) ()]
Figure 3.7 Velocity contour (a-e) and streamline (f-j) for a calcified aortic valve during cardiac cycle.

The velocity contours and streamlines for the severely calcified aortic valve with
Young’s modulus of E=20 MPa are shown in Figure 3.8. The maximum jet velocity along the
aortic valve reaches 2.4 m/s for the severely calcified aortic valve. This significant increase in
the maximum jet velocity along the aortic valve changes the pressure difference between the
left ventricle and the aorta and leads to changes in the recirculation zone (shown in Figure 3.8
h and i). Moreover, calcification modifies the opening, closing, and ejection time of the leaflets.
The opening time for the leaflets decreases from around 48 ms for the healthy valve, to 33 ms
for the calcified case. On the other hand, calcification increases the valve closing time from 41
ms for the healthy valve, to 74 ms for the calcified case (shown in Table 3.4). Furthermore, the
calcified valve has a longer ejection time (for a constant stroke volume of 70 ml). As reported
in Table 3.4, the ejection time increases from 202ms for the healthy aortic valve, to 261ms for
the calcified aortic valve.
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Figure 3.8 Velocity contour (a-e) and streamline (f-j) for a severely calcified aortic valve during
cardiac cycle.

As mentioned, calcification has a significant impact on the opening, closing, and ejection
time. For the severely calcified aortic valve, the opening time decreases to 26 ms compared to
that for the healthy aortic valve which is 48 ms. The ejection and closing times for the severely
calcified case are 261 ms and 82 ms, respectively, which is tabulated in Table 3.4 .

Table 3.4 Opening, closing, and ejection time for the healthy, calcified, and severely calcified aortic valve

Closing time (ms)

Opening time (ms)

Ejection time (ms)

Healthy 48 202 41
Calcified 33 213 74
Severely calcified 26 261 82

In order to show the impact of calcification on valve orifice diameter, the velocity
contours and streamlines for healthy, calcified, and severely calcified aortic valves at mid
systole are illustrated in Figure 3.9. As shown, the valve calcification results in a decrease in
the valve orifice diameter from 14.2 mm for the healthy aortic valve (and largest opening
diameter of 14.4 mm at peak systole) to 10.5 mm for the calcified case, and to 9.6 mm for the
severely calcified case. Furthermore, the jet velocity along the aortic valve orifice at mid
systole increases from 1.65 m/s for the healthy aortic valve to 2.23 m/s for the calcified case
and to 2.47 m/s for the severely calcified case.
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Figure 3.9 Velocity contours and streamlines for a (a,d) healthy, (b,e) calcified, (c,f) severely
calcified aortic valve at mid systole.

Improper opening results in a significant increase in the transvavular pressure gradient
increases between the left ventricle and the aorta. The transvavular pressure gradients for the
healthy, calcified, and severely calcified aortic valves are illustrated in Figure 3.10. As can be
seen, the transvalvular pressure gradient for the healthy aortic valve is around 792 Pa (~ 6
mmHg), which significantly increases to 2554 (~ 19 mmHg) and 2885 (~ 22 mmHg) for the
calcified and severely calcified cases, respectively. An increase in the TPG might have an effect
on valve performance during the cardiac cycle and drives compensatory left ventricular
hypertrophy to accommodate the increased wall stress. Over time this process is overwhelmed
and systolic dysfunction (heart failure) ensues.
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2885 Pa
L [
‘ —
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Figure 3.10 Transvalvular pressure gradient for the (a) healthy, (b) calcified, (c) severely calcified
aortic valve at peak systole.

Calcification has an impact on jet velocity along the aortic valve. To show this, the
variation of the velocity during the cardiac cycle is depicted in Figure 3.11 (b) for a point
positioned in the middle of the valve orifice area (shown in Figure 3.11 a). As illustrated, for a
constant velocity along the valve orifice area, the diameter of the healthy valve is larger than
that of the calcified and severely calcified valves; the more the valve becomes calcified, the
less it is able to open during the cardiac cycle. This leads to an increase in the maximum jet
velocity during the cardiac cycle. To overcome the left ventricular outflow tract obstruction,
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increased intraventricular pressure results, thereby creating a differential in pressure between
the left ventricle and the aorta. To illustrate this, TPG for the healthy, calcified, and severely
calcified aortic valves are shown in Figure 3.11 (c). As can be seen, the calcified valve
experiences greater pressure difference along the valve orifice area during the cardiac cycle.
The higher pressure difference can, in turn, affect the performance of the valve and flow

features inside the aortic root.
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Figure 3.11 (a) Schematic view of the aortic root with leaflets and coronary ostia; D.v and Dvo
indicate the diameter of the left ventricle and valve orifice, respectively (b) velocity profile
corresponding to healthy, calcified, and severely calcified valves at a point located in the middle of
the aortic valve orifice showing variation of the valve orifice diameter versus velocity (c)
transvalvular pressure gradient (TPG) curves for healthy, calcified, and severely calcified valves
indicating the pressure difference between two surfaces before and after the valve orifice area.

The main reason for initiation and progression of calcification is not yet fully understood.
However, it is believed that the difference between the wall shear stress of the aortic valve
leaflet layers can remodel the valve and has an influence on valve hemodynamics. To
investigate this influence, the AWSS of the different layers (ventricularis and fibrosa) of the
aortic valve are plotted in Figure 3.12. As depicted, the maximum value of AWSS at
ventricularis increases from 25 Pa for the healthy aortic valve to 46 Pa for the severely calcified
case, whilst, on the fibrosa side, AWSS decreases from 19 Pa for the healthy aortic valve to 3
Pa for the severely calcified case. As can be seen, the calcified aortic valve is subject to the
higher WSS differences between ventricularis and fibrosa layers. As mentioned, these

65




Chapter 3 Effect of calcification of the aortic valve on coronary artery hemodynamics

differences in the wall shear stress of the aortic valve layers are able to damage the valve tissue
and lead to progression of calcification.
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Figure 3.12 Averaged wall shear stress of the (a) ventricularis and (b) fibrosa layers of the aortic
valve.

The velocity profiles of the coronary ostia for healthy, calcified, and severely calcified
aortic valves are shown in Figure 3.13. As depicted, at early-systole (shown in Figure 3.13 b),
the velocity magnitude has significantly decreased from a maximum value of 0.38 m/s for the
healthy aortic valve to around 0.25 m/s for the severely calcified case. Similarly, at early-
diastole, the severely calcified case witnesses significant decrease (i.e. from around 1 m/s to
0.45 m/s) in the peak velocity of the coronary artery compared to that of a healthy aortic valve.
These velocity reductions result in reduced coronary blood flow. In the context of increased
myocardial work (exacerbated by the presence of left ventricular hypertrophy), the myocardial
blood supply can be overwhelmed by increased demand leading to ischaemia and the symptom
of angina. Chronic ischaemia is believed to be a key component of the abnormal myocardial
energetics observed in left ventricular hypertrophy (RFF). The mismatch between increased
myocardial oxygen demand from greater intraventricular pressure and reduced coronary flow
contributes to the symptoms of angina and heart failure in patients with aortic stenosis.
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Figure 3.13 Velocity profile at the coronary ostia for healthy, calcified, severely calcified aortic valve
during the cardiac cycle.

The calcification of the aortic valve affects the flow features inside and outside of the
aortic root. It is observed that the calcified valve witnesses vortices with different shapes and
magnitudes in the sinuses (shown in Figure 3.7 and Figure 3.8). The strength and size of the
primary vortex formed in the sinuses can lead to hemodynamic changes inside the coronary
arteries. Figure 3.14 shows the vorticity magnitude of three different points positioned in the
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sinuses for the healthy, calcified, and severely calcified valves. As shown at point P1 near the
leaflets (shown in Figure 3.14 a), the maximum vorticity magnitude for the healthy aortic valve
has two peaks; one around t = 0.2s with a magnitude of 172 rad/s and another one att =0.28 s
with magnitude of 132 rad/s. As seen, calcification almost doubles the maximum vorticity
magnitude of the point Py from around 172 rad/s for the healthy valve to 348 rad/s for the
severely calcified case. Furthermore, the vorticity magnitude curve corresponding to the
calcified valve shifts towards the left compared to the healthy case, which means that the
vortices with larger magnitude associated with the severely calcified valve are created over a
shorter duration compared to that of the healthy case. This can be explained by the shorter
opening/ejection time of the calcified valve in comparison with the healthy one. It is worth
mentioning that as the strength of the vortices increases the energy loss becomes more
significant. More interestingly, as more energy is lost in the sinuses, the more the blood flow
stagnates, and the probability of calcium deposition on the leaflets grows.
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Figure 3.14 Vorticity magnitude for three different points located in sinus during cardiac cycle (a)
point near leaflets (b) near wall of the sinus (c) near coronary ostia.

The vorticity magnitudes for two other points are depicted in Figure 3.14 b and c. At
point P2 (shown in Figure 3.14 b), close to the sinus wall, the peak vorticity magnitude for the
severely calcified case is around 500 rad/s; it shows a significant increase in the vorticity
magnitude compared to that of point P1. Most importantly, the peak shifts towards the left so
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that the maximum vorticity magnitude for point P2 occurs at around t =0.09 s. At point P3
(shown in Figure 3.14 c), the vorticity magnitude significantly increases compared to points Py
and P2. For the severely calcified case, the vorticity magnitude at point Pz is around 1000 rad/s;
two times larger than that of points P1 and P.. According to Figure 3.14 c, the vorticity
magnitude near the coronary ostia are larger than near the leaflets (shown in Figure 3.14 a) for
the severely calcified case. It is implied that more energy is consumed by the main vortex near
the coronary ostia because of the calcification. As a result the hemodynamic parameters inside
the coronary arteries are influenced.

The AWSS at the wall of the coronary artery during the cardiac cycle are shown in Figure
3.15. As seen, the AWSS significantly increases from 0.12 Pa to 1.16 Pa at the earlier diastole
along the left wall of the coronary arteries. For the right wall, the AWSS shows a significant
increase from around 0.023 Pa to 0.45 Pa. It is worth mentioning, the smaller wall shear stress
at the right wall of the coronary artery can be a reason for initiation of the coronary artery
stenosis and atherosclerosis plaque progression.
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Figure 3.15 Time-averaged wall shear stress on the wall of the coronary artery (a) left wall (b) right
wall.

3.7 Conclusion

In this study the effect of calcification of the aortic valve leaflets on hemodynamic
parameters inside the aortic root and coronary arteries was investigated. To do this, 2D models
of healthy, calcified, and severely calcified aortic valves were developed in ANSY'S Fluent and
ANSYS Mechanical based on the echocardiography images available in the literature. Results
revealed that calcification has significantly changed the hemodynamic parameters inside the
aortic root and the coronary arteries, in particular:

e The transvalvular pressure gradient increases from 792 Pa (~ 6 mmHg) for a healthy
aortic valve to 2885 Pa (~ 22 mmHg) for a severely calcified one.

e The aortic orifice diameter decreases from 14.2 mm for a healthy aortic valve to 8.2 mm
for a severely calcified one. This leads to insufficient blood ejection during the cardiac
cycle, and heart failure over time.
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e The aortic valve calcification has an impact on recirculation zones within the aortic
root. Results show that the structure of the vortices generated in the sinuses of the
calcified aortic valve with a smaller valve orifice diameter are more complicated
compared to those of a healthy case. The vortices inside the sinus cavity for the calcified
valve are a combination of a strong counter-clockwise vortex with several smaller
clockwise vortices; in comparison for the healthy case a dominant counter-clockwise
vortex occupies the whole sinus cavity. These abnormal vortical structures lead to blood
flow stagnation within the sinuses and progression of calcium deposition.

e The aortic valve calcification also has a significant impact on the wall shear stress on
the fibrosa and ventricular layers of the aortic valve leaflets. This difference between
the wall shear stress of the ventricular and fibrosa layers of the aortic valve can be a
reason for progression of calcification.

Based on the results obtained from the coupled fluid-structure model, calcification not
only changes the hemodynamic parameters inside the aortic root, but also has a significant
influence on flow features inside the coronary arteries. Generally, calcification causes a
significant reduction of the flow rate inside the coronary arteries. Obtained results show that
the maximum velocity inside the coronary arteries decreases from 1 m/s for the healthy valve
to 0.45 m/s for the severely calcified case at early diastole. Based on the results, calcification
significantly decreases the wall shear stress of the coronary arteries; this reduction in the wall
shear stress is a possible reason for initiation of the coronary atherosclerosis process and
eventually results in coronary stenoses.

3.8 Limitations

We are dealing with a complicated model, and consequently a number of assumptions
and simplifications have been employed: an idealised 2D geometry of the aortic root, sinuses,
and leaflets are considered instead of 3D tricuspid leaflets since we are investigating the global
dynamic behaviour of the leaflets. The arterial walls have been considered solid compared to
the natural arterial walls which have a complex multilayered structure in which the Young’s
modulus of the walls are a function of blood pressure. The tissue of the leaflets are simplified
to be linear elastic and isotropic to provide computational stability compared to real tissues
which have nonlinear, anisotropic, viscoelastic and hyperplastic material properties. The
varying thickness of the leaflets are not taken into account, i.e. the thickness of the leaflets is
assumed to be constant, while they are naturally thicker in the line of the attachment and thinner
in the belly (Mohammadi et al. 2015).
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Chapter 4

Effect of the locations of the coronary artery ostia on aortic
valve hemodynamics

In Chapter 3, the effect of the stenosis of aortic valve on the hemodynamic parameters
inside the coronary arteries was investigated. It was shown that stenosis of the aortic valve not
only changes the hemodynamic parameters inside the aortic root, but also impacts on the
coronary artery flow and accordingly the wall shear stress on the coronary artery wall. It was
also found that the variation of the wall shear stress on the coronary artery wall is one possible
reason for initiation of coronary artery atherosclerosis.

Echocardiography images of the aortic valve and coronary angiographic images show
that the locations of the coronary artery ostia vary among different patients. Some have
coronary artery ostia initiating from a point proximal to the aortic valve, while others have
coronary artery ostia distal from the aortic valve. Furthermore, clinical data shows that a
considerable proportion of patients who undertook aortic valve replacement (mainly
transcatheter aortic valve replacement) died after two years. The cause of this high death rate
is still unknown. It is believed that it can be related to diet, the geometrical properties of the
coronary arteries and aortic valve, hemodynamic variation inside the aortic root, and coronary
artery obstruction generated due to the presence of a stent in transvalvular aortic valve
replacement (TAVR). This chapter investigates the effect of the locations of the coronary artery
ostia on the aortic valve hemodynamics in order to provide an answer to the following research
question which is the second objective of this project: whether the locations of the coronary
artery ostia and shape of the sinus in different patients can affect transvalvular pressure
gradient and accordingly lead to the initiation of aortic valve stenosis?

In this chapter, fluid structure interaction models of the aortic valve leaflets considering
different locations of the coronary artery ostia (proximal, middle, and distal) and different
diameters of the sinus (Dsinus = 25, 20.8, and 17.6 mm) are developed. The transvalvular
pressure gradients of aortic valves with proximal, middle and distal coronary artery ostia are
calculated and compared. It is revealed that the transvalvular pressure gradient is highly
dependent on the location of the coronary artery ostia. Furthermore, the effect of aortic valve
stenosis on the coronary artery flow for patients with proximal, middle, and distal coronary
artery ostia is studied. It is found that patients with proximal coronary ostia and severely
calcified valves witness lower coronary artery flow at peak systole compared to those with
distal and middle coronary artery ostia.

Details of the methodology, supporting evidence and data are presented and explained in
this chapter which consists of the published journal article:

Araz. R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C Zander, Adam
J. Nelson, Ross Roberts-Thomson, Ajit Yoganathan, Maziar Arjomandi, Hemodynamics
of a stenosed aortic valve: Effects of the geometry of the sinuses and the positions of the
coronary ostia, International Journal of Mechanical Sciences, 188, 2020, 106015.
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Chapter 4 Effect of the locations of the coronary artery ostia on aortic valve hemodynamics

Hemodynamics of a stenosed aortic valve: effects of the geometry of
the sinuses and the positions of the coronary ostia

Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander, Adam J.
Nelson, Ross Roberts-Thomson, Ajit Yoganathan, Maziar Arjomandi

4.1 Abstract

Aortic valve stenosis is one of the most prevalent cardiovascular disease among adults
worldwide. Stenosis of the aortic valve changes the hemodynamic parameters inside the aortic
root which perpetuates aortic valve calcification and has been associated with the development
of coronary artery atherosclerosis. Invasive studies have revealed that the geometry of the
sinuses, as well as the locations of the coronary artery ostia, impact coronary blood flow
hemodynamics, which has been associated with the development of coronary artery disease.
The aim of this study is to elucidate this observed phenomenon, in which geometrical variations
inside the aortic root and malfunctioning of the aortic valve because of the calcification not
only affect the progression of the calcification but also lead to initiation of coronary artery
atherosclerosis. A 2D fluid structure interaction model of the aortic valve was developed and
simulated in ANSYS Fluent based on available echocardiography images in the literature. The
model incorporates fluid structure interaction and employs the k-w Menter’s Shear Stress
Transport (SST) turbulence model for the turbulent flow downstream of the leaflets. The effects
of various diameters of the sinuses 25, 20.8, and 17.6 mm and positions of the coronary artery
ostia (proximal, middle, and distal) on aortic root hemodynamics were investigated and
parameters including transvalvular pressure gradient, valve orifice diameters, maximum jet
velocity along the valve orifice area, and wall shear stresses on leaflets calculated. Results
demonstrate that a severely calcified valve with the proximal coronary artery ostia witnesses a
much higher transvalvular pressure gradient (approximately 10 times larger) compared to that
for a healthy case. Moreover, the presence of the proximal coronary artery ostia for valves with
diameters of the sinus 25 and 20.8 mm results in the reduction of the coronary blood flow and
increase of the probability of coronary artery atherosclerosis.

4.2 Introduction

Stenosis of the aortic valve is the most common form of valvular heart disease among
adults and frequently coexists with coronary artery disease [1]. Invasive investigations have
demonstrated that the prevalence of coronary artery disease increases in the presence of aortic
valve stenosis such that over half of all patients with aortic valve stenosis require simultaneous
coronary bypass during aortic valve surgery [2]. Stenosis of the aortic valve occurs when
calcium deposits on the aortic valve leaflets over time (shown in Figure 4.1 c¢). Calcium
deposition changes the material properties and geometry of the leaflets and affects their
functionality during the cardiac cycle which leads to heart failure over time [3-6]. Clinical
studies revealed that calcification of the aortic valve not only affects the hemodynamics inside
the aortic root such as the transvalvular pressure gradient, the valve orifice area, and the wall
shear stress on both sides of the leaflets, but also changes the coronary blood flow
hemodynamics, specifically the shear stress on the wall of the coronary arteries [7-9]. Variation
of the wall shear stress on the leaflets can, in turn, intensify calcification formation on the
leaflets which perpetuates stenosis over time. Furthermore, shear stress variation on the walls
of the coronary arteries leads to initiation and progression of atherosclerosis and eventually

77



Chapter 4 Effect of the locations of the coronary artery ostia on aortic valve hemodynamics

results in coronary stenosis [10-13]. The schematic view of the positions of the aortic valve,
coronary arteries, and stenosis of the aortic valve and coronary arteries are shown in Figure 4.1
(a-d), respectively.

Position of the aortic valve in
the heart

Coronary arteries

(a)
Normal blood flow Festricted blood flow
(b) (c)
Normal  Narrowed
Heart Artery Actary

Plaque

(d)
Figure 4.1 Schematic view of the (a) heart and position of the aortic valve (b) normal aortic valve
with normal blood flow(c) calcified aortic valve with restricted blood flow (d) plaque progression
and coronary artery stenosis [14].

Invasive investigations also demonstrated that the wall shear stress plays a significant
role in the initiation of atherosclerosis within the coronary arterial wall and the progression of
the calcium deposition on the leaflets. Calcification and atherosclerosis are, however, complex
multifactorial processes which remain incompletely understood [9, 15-17]. It is believed that
blood flow-induced shear stress affects the endothelial cells leading to endothelial dysfunction,
inflammatory responses, oxidative stress which remodels the artery wall and valve structure
and eventually results in progression of calcification and initiation of atherosclerosis [18-21].

During the recent decades, researchers have numerically simulated pathologies of the
aortic valve and coronary artery [22-29]. Nobari et al. [23] investigated the effect of aortic
valve stenosis on coronary flow hemodynamics using fluid structure interaction (FSI)
modelling. They found that the coronary flow rate decreases considerably when the thickness
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of the leaflets was approximately doubled. However, the presented model has ignored the
tapered shape of coronary arteries. To improve the previous model, Mohammadi et al. [24]
presented an FSI model of the aortic valve incorporating a tapered coronary artery wall. In the
aforementioned studies the influence of leaflet stiffening due to calcification on the aortic root
hemodynamics has not been examined. Following this study, Amindari et al. [22] presented a
2D FSI model of the aortic valve in which the effect of calcification of the aortic valve on the
aortic root hemodynamics was studied. However, the presented model did not include the
coronary artery flow nor its effect on hemodynamic variations inside the aortic root. They
showed that calcification of the aortic valve leaflets leads to a significant increase in the
transvalvular pressure gradient (increasing from 633 Pa for the healthy aortic valve to 2559 Pa
for the severely calcified case).

In addition to numerical simulations, researchers have also performed experimental
investigation of the flow behaviour inside the aortic root and coronary arteries as well as its
effects on hemodynamic parameters in the presence of pathologies of the aortic valve [18, 21,
30-35]. Moore et al. [30] studied the flow behaviour inside coronary and non-coronary sinuses
using particle imaging velocimetry (PI1V) techniques. They showed that leaflets corresponding
to coronary sinuses open 10% more compared to that of non-coronary ones. Furthermore, they
demonstrated that the presence of coronary flow decreases the wall shear stress on the leaflet
cusps while increasing the washout time during the cardiac cycle. The flow patterns in sinuses
following transcatheter aortic valve replacement for various patients was studied by Hatoum et
al. [21]. They found that washout time is strongly dependent on the valve structure and patient-
specific morphologies. Furthermore, they showed that the dynamics of the sinus flow is a
function of the aortic root characteristics. Another work published by the same group [18]
investigated the effect of calcification of the aortic valve on hemodynamic variations inside the
aortic root in the absence of coronary arteries. They found that initiation and formation of
vortices in sinuses are highly sensitive to the amount of calcium deposition on the leaflets.
Furthermore, the mildly calcified aortic valve experiences higher wall shear stress on the
leaflets and therefore lower probability of calcium deposition compared to that of the severely
calcified case. Although numerical and experimental investigations have been conducted on
aortic valve pathologies during recent years, to the authors’ knowledge the impact of different
locations of the coronary artery ostia as well as the diameter of the sinus cavity on the
hemodynamic parameters inside the aortic root and coronary arteries in the presence of
calcification remains unknown.

The study presented here, was carried out to develop an understanding of the effect that
the locations of the coronary artery ostia and the shape of the sinus of Valsalva on the
hemodynamic characteristics of the aortic root and coronary arteries in the presence of
calcification. A 2D FSI model of a healthy aortic valve was developed in ANSY'S Workbench
19.1 based on the echocardiography images available in the literature. Fluid structure
interaction modelling was utilised to capture the interaction between the blood flow and the
leaflets. To capture the nature of the turbulence flow downstream of the leaflets, the k-w SST
turbulent model was used. The effect of calcification on the coronary artery and the aortic root
hemodynamics was investigated for a range of diameters of the sinus (Dsinus= 25, 20.8, and 17.6
mm) and three different locations of the coronary artery ostia (proximal, middle, and distal).
Results revealed that decreasing the diameter of the sinuses and changing the location of the
coronary artery ostia results in significant changes in the hemodynamic parameters, not only
inside the aortic root, but also within the coronary arteries.
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4.3 Computational Model

A 2D FSI model of a healthy aortic valve (27 years of age) was developed in ANSYS
Workbench 19.1 based on available echocardiography images in the literature [22]. The
numerical model includes two different domains: structure (flexible leaflets) and fluid (blood
flow) domains. The solution of the fluid part is based on the continuity and the Navier-Stokes
equations as follows [36, 37]:

au 6u,u oP o ,u Ou; 24u 4.1
p—+p ( J)——— n—(— _J___ké‘ij)
ot OX; 6x OX; 0% 30X

in which p, u and P are respectively density, fluid velocity and pressure, and di,ui; can be
calculated based on the k-w Menter’s Shear Stress Transport (SST). The calculation for the
structural component (namely mass, stiffness and damping matrices) is based on the following
equation [36] which is solved using a finite element approach.

MU+CU+KiG=F 4.2

At the boundary between the fluid and solid domains, the fluid pressure and the
displacement of the solid are exchanged using a two-way fluid-structure interaction modelling
[38, 39]. The details of both domains are explained in the following sections.

4.3.1 Fluid domain (blood flow)

Figure 4.2 b shows the mesh of the developed model for a healthy aortic valve based on
the echocardiography images shown in Figure 4.2 a. The different regions of the fluid domain
including inlet, outlets (coronary and aorta), and blood flow are illustrated in Figure 4.2 c. The
blood is considered as a Newtonian, isothermal, incompressible fluid with a constant viscosity
and a density of 0.0035578 Pa.s and 1060 kg/m?®, respectively [24]. Although blood is
inherently non-Newtonian, it has been reported that it can be considered as a Newtonian fluid
in large arteries (diameter > 0.5 mm) where the Reynolds number is high and shear rate exceeds
100 s[40-42]. The sweep method was used to generate an unstructured mesh for the fluid
domain with around 10,000 prism elements (as depicted in Figure 4.2 b). As shown in Figure
4.2 b, the mesh near the artery wall and leaflets is denser in order to accurately model the
boundary layers. A sensitivity analysis was carried out for both the pressure and velocity for
two grid sizes (10,000 and 14,000). Based on the results, there is only 2% difference between
the calculated parameters when the number of elements increases from 10,000 to 14,000.
However, the computation time increased by about 40%. Therefore the 10,000 element model
was considered of sufficient accuracy to be used for the remainder of the study reputed in this

paper.
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Figure 4.2 (a) Echocardiography images from a healthy aortic valve [22]; the shape of the sinuses
and leaflets are traced using white and black solid lines, respectively. (b) Fluid domain mesh; denser
meshes are generated near the wall and leaflets to improve the accuracy of the results (c) Healthy
aortic valve with flexible leaflets, and boundary conditions; the sinuses specified by dash line, flow
directions for the inlet and outlet are shown using dash-line arrows.

The computational grid was modified dynamically in order to accurately model the
movement of the leaflets at every time step. The spring-based smoothing and re-meshing
technique [22] was applied to remesh the fluid domain based on the instantaneous geometry of
the leaflets at every time step. The k-w SST turbulence model was used due to its capabilities
in modelling turbulence generated by separation. Three sets of boundary conditions were
defined in the fluid flow field. At the inlet (ventricular side), a time-dependent velocity profile
(shown in Figure 4.3) was considered as the boundary condition. The transient velocity profile
for the boundary condition at the inlet was obtained from the measured data (based on Doppler
imaging) available in the literature [22]. At the coronary outlets, a transient pressure profile
(based on the published data) and outflow were considered as the boundary condition (also
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shown in Figure 4.3), which was obtained from clinical data of the average coronary flow [23,
43].
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Figure 4.3 Inlet physiological velocity profile applied at the inlet plane of the model and transient
pressure at coronary outlets. Based on measurements from [23].

4.3.2 Structural domain (flexible leaflets)

The structural analysis consists of two deformable leaflets which deform and move as
they are exposed to blood flow. The leaflets were considered isotropic with a density, a Poisson
ratio, and Young’s modulus of 1060 kg/m?, 0.3, and 2 MPa, respectively [44]. The Young’s
modulus of the mildly, moderately, and severely calcified cases were set to 5, 10, and 20 MPa,
respectively [22, 44, 45]. To solve the equations of the dynamic motion of the leaflets, ANSYS
Mechanical APDL was used based on the Newmark time integration method. The sweep
method was used to generate the mesh for the leaflets using 120 tetrahedral elements. The
mechanical properties of both fluid and structure domains, as well as the boundary conditions
applied to the fluid domain, are presented in Table 4.1 and Table 4.2, respectively.

Table 4.1 Mechanical properties of the blood and leaflets domains used in the modelling [22, 23]

Domain Dynamic Density Young’s modulus Poisson’s
viscosity (Pa.s) (kg/md) (MPa) ratio
Fluid (blood)
Incompressible, 0.0035578 1060
Isothermal, Newtonian
Structure (leaflets) 2 (Healthy)
Linear elastic, Isotropic 1060 5 (Mildly Calcified) 0.3
10 (Moderately Calcified)
20 (Severely Calcified)

Table 4.2 Boundary conditions used in the modelling

Inlet Outlet FSI surface Walls
(coronary)
Physiological Physiological Fluid structure interaction Solid walls
Boundary conditions | Velocityinlet | pressure outlet | surface between the flexible | for sinuses
elastic leaflets and blood and aortic
flow root
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4.3.3 Two-way coupled FSI

In order to model the interaction between the fluid and structural domains, two methods
are usually used by researchers: one-way coupling and two-way coupled methods [38]. As
suggested by [36], the two-way coupled method is useful to model the interaction between the
leaflets and blood flow because of the large deformation of the leaflets during the cardiac cycle.
In the present study, the ANSYS coupling module was used to model the interaction between
the flexible leaflets and the blood flow. To solve the continuity, Navier-Stokes, and turbulence
equations for the fluid domain, the FLUENT module in ANSY'S was used. In addition, to solve
the equations related to deformation of the flexible leaflets, the Mechanical APDL was used in
ANSYS. Then, at every time step, the data of the force and displacement were exchanged
between the FLUENT and Mechanical APDL in order to capture the interaction between the
structural and fluid domains.

4.4 Results

In this section, first, the model has been validated quantitatively and qualitatively against
the recently published data. Then, the effect of the sinuses geometry, and position of the
coronary ostia corresponding to a healthy, mildly, moderately, and severely calcified cases on
hemodynamic parameters have been shown.

4.4.1 Validation

To quantitatively validate the present model, two hemodynamic parameters of the
transvalvular pressure gradient (TPG) and average wall shear stress (AWSS) on the leaflets are
compared against the published experimental data by Weston et al. [46] and Keller et al. [47].
The TPGmax and AWSS for the present study and previous experiments are reported in Table
4.3, where it can be seen that there is good agreement between the calculated parameters in this
work and the experiments carried out by [46, 47].

Table 4.3 TPGmax and AWSS comparison between previous in-vivo experiments and current FSI
modelling

TPGmax (Pa) AWSS (Pa)
Experimental results 799 [47] 3.8 [46]
Present work 791 45

To further validate the model, the results were qualitatively compared against recently
published experimental data by Hatoum et al. [18]. Figure 4.4 provides a comparison of
streamlines during systole between the present simulation and the data collected by the 2D PIV
experiment. The developed model captures similar unsteady flow features in the sinuses to
those observed in the PIV experiment. However, there is a small deviation observed between
the experimental and current model, which can be explained by the existence of the coronary
artery in the present model as well as different dimensions of the sinuses and diameter of the
aortic valve.
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Sinug without coronary ostia Sinus with coronary ostia
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Figure 4.4 Snapshot of the flow streamlines in sinuses around peak systole; a comparison of the flow
streamlines in sinus between the (a) PIV experiment [18] and (b) present simulation. The radius of
the sinus chamber and the diameter the aortic valve used in the aforementioned 2D PIV experiment
are 19 mm and 23 mm, respectively.

4.4.2 Hemodynamic assessment

Velocity streamlines of a modelled healthy aortic valve with distal coronary ostia are
depicted in Figure 4.5. As shown, the aortic valve opens during systole and allows blood flow
through the aorta (shown in Figure 4.5 a-b). During the diastole phase, it closes to prevent
blood from flowing back into the ventricle. During the closure period, blood flows into the
coronary arteries in order to perfuse the myocardium (shown in Figure 4.5 d-e). The flow
velocity in the aortic valve reaches to its peak value of 2.12 m/s, whilst the maximum velocity
is 1.6 m/s at the inlet of the coronary artery; the results reveal that there is a lag between the
peak velocity within the aortic valve and that of the coronary arteries. The valve orifice
diameter is around 14.2 mm at mid systole (shown in Figure 4.5 b). As depicted, there are
various recirculation zones in the sinuses and behind the leaflets during the cardiac cycle. At
mid-systole, there are two different vorticities in the sinuses (shown with arrows in Figure 4.5
b). As illustrated in Figure 4.5 c-d, the vortices become larger from late-systole to mid-diastole,
which results in a significant increase in the volume of the blood in the coronary arteries (shown
in Figure 4.5 d). Due to the pressure difference between the left ventricle and the aorta, the
location and the number of the vortices change during the cardiac cycle. As seen, there are four
different vortices at mid-diastole: 1) A vortex near the tip of the leaflets (shown with black
arrows in Figure 4.5 d), 2) A vortex attached to the wall of the sinuses (shown with dashed-
circle in Figure 4.5 d), 3) A vortex attached to the belly of the leaflets (shown with red arrows
in Figure 4.5 d) and 4) A vortex which is located near the base of the leaflets’ ventricle side
(shown with yellow arrows in Figure 4.5 d). It is observed that the presence of the vortices
leads to high amplitude oscillations of the leaflets during the cardiac cycle, particularly at the
diastole phases; it is implied that the vortices affect the dynamic motion of the leaflets.

84



Chapter 4 Effect of the locations of the coronary artery ostia on aortic valve hemodynamics

\f \ t=0.04s / '\ t=0.16s / \ t=0.28s [ \ t=0.55s t=0.72s

Early Systole Mid Systole Late Systole Mid Diastole Late Diastole

...... /L1
—— /Z*g,\ s ; =G __:

(@) (b) (© (d) G

0 m/s Tl 2.12 mfs
Figure 4.5 Velocity streamlines (a-€) for a healthy aortic valve during the cardiac cycle.

To investigate the effect of the location of the coronary ostia, as well as the degrees of
calcification, velocity streamlines of mildly, moderately, and severely calcified aortic valves
with different locations of coronary artery ostia are depicted in Figure 4.6 for the Dsinus= 25
mm. As shown in Figure 4.6 a-c, the maximum velocity along the aortic valve at mid systole
increases from 1. 63 m/s for the mildly calcified aortic valve with distal coronary artery ostia
to 2.35 m/s for the mildly calcified case with middle coronary artery ostia, and to 2.5 m/s for
the mildly calcified cases with proximal coronary artery ostia. As seen, the presence of
proximal coronary ostia in sinuses increases the pressure behind the leaflets and leads to about
a 9% decrease in the valve orifice diameter for the mildly calcified model with distal coronary
ostia when compared with the mildly calcified model with proximal coronary artery ostia.

To demonstrate the influence of the degree of calcification on the aortic root
hemodynamics, velocity streamlines of moderately and severely calcified aortic valves with
different locations of the coronary artery ostia are depicted in Figure 4.6 (d-f) and (g-i),
separately. As shown, the velocity magnitudes of the moderately and severely calcified aortic
valves with proximal coronary ostia reach 3.8 m/s and 4.6 m/s, respectively; in comparison
with that of the mildly calcified case which is 2.5 m/s. This trend shows that there are
approximately 52% and 84% increases in the velocity magnitude for the moderately and
severely calcified cases, respectively. Furthermore, the valve orifice diameter for an aortic
valve with proximal coronary artery ostia witnesses a decrease; dropping from 12.1 mm for the
mildly calcified aortic valve to 10.01 mm and 9.48 mm for the moderately and severely
calcified cases, respectively.

Moreover, the location of the coronary artery ostia modifies the flow features in the
sinuses. As seen in Figure 4.6 (g-i), the number of vortices and their locations (shown with
dashed-line in Figure 4.6 g-i) changes when the location of the coronary artery ostia is close to
the left ventricle. Two additional vortices are formed in the sinuses, one near the wall of the
sinus (shown with red arrows in Figure 4.6 h), and another close to the sinutubular junction
(shown with black arrows in Figure 4.6 h). These vortices grow when the location of the
coronary ostia is proximal to the left ventricle (comparing Figure 4.6 i-h), and affect the
pressure behind the leaflets, ultimately resulting in a decrease in the valve orifice diameter.
Another smaller vortex is also formed very close to the base of the leaflets (shown with yellow
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arrow in Figure 4.6 g). This vortex does not allow the leaflets to move freely during the systole
and can have an effect on the valve orifice diameter and the jet velocity along the aortic valve.

Proximal Middle Distal

Mild

Moderate

Severe

Figure 4.6 Velocity streamlines for mildly (a-c), moderately (d-f), and severely (g-h) calcified aortic
valves during systolic phase with different locations of coronary ostia (proximal, middle, distal) and
Dsinu5=25 mm.

To show the effect of the shape of the sinuses on hemodynamic parameters, particularly
the valve orifice diameter and the maximum jet velocity along the aortic valve, the velocity
streamlines for the mildly, moderately, and severely calcified cases aortic valves are depicted
in Figure 4.7 for different locations of the coronary artery ostia and Dsinis=23.8 mm.
Comparison of Figure 4.6 and Figure 4.7 reveals that the jet velocity magnitude increases when
the diameter of the sinuses decreases for all locations of the coronary artery ostia (proximal,
middle, and distal). This can be explained by the pressure increase in the sinuses due to the
decreased diameter of the sinuses. The increased pressure forces the leaflets and does not allow
them to open properly. Ultimately, the valve orifice diameter decreases which leads to an
increase in the jet velocity magnitude. The velocity magnitude increases from 4.6 m/s for the
severely calcified aortic valve with proximal coronary artery ostia and Dsinus=25 mm to 4.81
m/s for that of with Dsinus=20.8 mm (an approximately 4% increase). Furthermore, the flow
features inside the sinuses change, particularly for the moderately calcified aortic valve with
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proximal coronary artery ostia as shown in the dash-line region in Figure 4.7 d. Four vortices
are formed in the highlighted area which leads to a change in the flow features and the
hemodynamic parameters inside the aortic root. The presence of the proximal coronary artery
ostia leads to back flow into the sinuses. The back flow results in the formation of the vortices
with different shapes and locations inside sinuses, corresponding to each of the coronary artery
ostia positions.

Proximal Middle Distal

Mild

Moderate

Severe

T 4.81m/s
()

Figure 4.7 Velocity streamlines for mildly (a-c), moderately (d-f), and severely (g-h) calcified aortic
valves during systolic phase with different locations of coronary ostia (proximal, middle, distal) and
Dsinus :208 mm.

The effect of the diameter of the sinus on the velocity and valve orifice diameter of the
mildly, moderately, and severely calcified cases are depicted in Figure 4.8 for Dsinus =17.6 mm.
As shown, the velocity magnitude of the aortic valve with proximal coronary artery ostia and
Dsinus =17.6 mm increases from 3.12 m/s for the mildly calcified aortic valve to 4.32 m/s for
the moderately, and to 4.88 m/s for the severely calcified cases. The valve orifice diameter
decreases from 11.7 mm for the mildly calcified case to 9.74 mm for the moderately, and to
9.28 for the severely calcified cases. However, the presence of the proximal coronary ostia in
the sinuses forces the leaflets and does not allow them to open properly, increasing the velocity
inside the coronary arteries which is able to decrease the probability of coronary artery diseases
(as detailed in the Discussion section). This can be explained by more flow being pushed into
the coronary artery by the leaflets as the diameter of the sinuses decreases and the coronary
artery location becomes closer to the roots of the leaflets.
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Figure 4.8 Velocity streamlines for mildly (a-c), moderately (d-f), and severely (g-h) calcified aortic
valves during systolic phase with different locations of coronary ostia (proximal, middle, distal) and
Dsinus =17.6 mm.

4.5 Discussion

The variation of the valve orifice diameter versus the velocity magnitude at a point
located at the centre of aortic valve orifice for healthy, mildly, moderately, and severely
calcified aortic valves with different locations of the coronary artery ostia (proximal, middle,
and distal) and various diameters of the sinuses (Dsinus= 25, 20.8, and 17.6 mm) are illustrated
in Figure 4.9. Generally, calcification decreases the valve orifice diameter and accordingly
increases the velocity magnitude in the valve orifice area. Moreover, the calcified aortic valve
with proximal coronary artery ostia witnesses a smaller valve orifice diameter and a higher
velocity magnitude along the valve orifice; because of increased pressure behind the leaflets
which forces the leaflets towards each other. Interestingly, the calcification affects the opening
time of the aortic valve (as shown by comparison of the slope of the curves) such that the
calcified valve has a shorter opening time compared to the healthy case (shown in Figure 4.9).

Based on the results, the location of the coronary ostia affects the stenosis process such that the
aortic valve with proximal coronary ostia are more prone to become stenosed over time
compared to the aortic valves with distal and middle coronary ostia. Furthermore, the diameter
of the sinuses has an impact on the flow features and the hemodynamic parameters inside the
sinuses. As shown in Figure 4.9, the valve orifice diameter decreases considerably when the
diameter of the sinuses decreases (compare Figure 4.9 ¢ with f and i); the lesser the diameter
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of the sinuses (Dsinus =17.6 mm), the lesser the valve orifice diameter and the greater the jet
velocity magnitude. From the aforementioned paragraphs, it can be concluded that patients
with proximal coronary artery ostia and smaller diameter of the sinuses are more at risk of
aortic valve stenosis and calcification formation.
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Figure 4.9 Velocity profiles corresponding to healthy, mildly, moderately, and the severely calcified
aortic valves at a point located in the centre of the aortic valve orifice showing the variation of the
valve orifice diameter versus velocity, (a-C) Dsinus/D Left ventricle=1.5, (d-F) Dsinus/D Left ventricle=1.3, (g-i)
Dsinus/D Left ventricie=1.1; Drv and Dvo indicate the diameters of the left ventricle and valve orifice,
respectively.
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The values of transvalvular pressure gradient (TPG) of healthy, mildly, moderately, and
severely calcified aortic valves with different locations of the coronary ostia (proximal, middle,
and distal) and various diameters of the sinuses (Dsinus= 25, 20.8, and 17.6 mm) are illustrated
in Figure 4.10. As shown in Figure 4.10 c, the TPG of an aortic valve with distal coronary
artery ostia and Dg;;,,,s=25 mm increases from around 0.79 kPa for the healthy aortic valve to
10.31 kPa for the severely calcified case (an approximately 12 times increase). Moreover, the
TPG is influenced by changing the diameter of the sinuses; for instance, as depicted in Figure
4.10 c, the TPG increases from approximately 10.31 kPa for the severely calcified aortic valve
with Dsinus =25 mm to 13.41 kPa with Dsinys =20.8 mm, and to 14.5 kPa for Dsinus =17.6 mm.

Furthermore, the location of the coronary artery ostia has a considerable impact on the
TPG. For instance, as shown in Figure 4.10 a and Figure 4.10 b, the TPG corresponding to the
moderately calcified case with a middle coronary artery ostia and Dsinus =20.8 mm reaches 7.45
kPa compared to that with a distal coronary artery ostia (shown in Figure 4.10 c) which is
around 6.85 kPa (an approximately 8% increase). It is worth mentioning that for the severely
calcified case with a proximal coronary artery ostia and Dsinus =20.8 mm, as seen in Figure 4.10
a, the TPG drops surprisingly to 12.28 kPa compared to that with a distal coronary artery ostia
which is around 14.5 kPa (shown in Figure 4.10 a). This is because the coronary artery ostia in
this case is very close to the leaflets, therefore, blood flow can be easily pushed to the coronary
arteries by the leaflets during the systole. The more blood flowing through to the coronary
arteries reduces the bulk of the flow in the sinuses and subsequently allow the leaflets to open
to a greater extent than the valves with middle and distal coronary artery ostia. As a result, the
larger the orifice, the lesser the values of TPG become.
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Figure 4.10 Maximum transvalvular pressure gradients (TPGmax) for healthy, mildly,
moderately, and severely calcified aortic valves with different locations of the coronary
artery ostia (proximal, middle, distal) and various diameters of the sinuses Dsinus= 25, 20.8,
and 17.6 mm.

Calcification not only changes the hemodynamic parameters inside the aortic root but
also has a considerable impact on the coronary artery hemodynamics. To demonstrate this, the
velocity magnitudes at the coronary artery ostia for healthy, mildly, moderately, and severely
calcified aortic valves with different locations of coronary artery ostia (proximal, middle,
distal) and various diameters of the sinuses (Dsinus= 25, 20.8, and 17.6 mm) are illustrated in
Figure 4.11. Generally, stenosis of the aortic valve decreases the velocity magnitude inside the
coronary arteries (shown in Figure 4.11). Moreover, the location of the coronary artery ostia
affects the velocity magnitude inside the coronary arteries; for instance, the velocity magnitude
corresponding to a mildly calcified aortic valve with Dsinus=25 mm decrease from 1.65 m/s for
the distal coronary artery ostia (shown in Figure 4.11 c) to 1.48 m/s for the middle coronary
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artery ostia (shown in Figure 4.11 b), and to 0.92 m/s for the proximal coronary artery ostia
(shown in Figure 4.11 a). The reduction of the coronary artery velocity due to calcification of
the aortic valve accompanied with the various locations of the coronary arteries can, in turn,
affect the coronary artery hemodynamics and result in initiation of coronary artery diseases and
atherosclerosis plaque progression.

Furthermore, the effect of the diameter of the sinuses (Dsinus= 25, 20.8, and 17.6 mm) on
the velocity magnitude of the coronary artery are depicted in Figure 4.11. Generally, the
velocity magnitude inside the coronary artery decreases due to a decrease in diameter of the
sinuses. For instance, the velocity magnitude of the coronary artery corresponding to the
severely calcified case decreases from around 1 m/s for the valve with a diameter of sinuses of
Dsinus=25 mm to 0.82 m/s for a diameter of Dsinus=20.8 mm Most interestingly, for the case with
proximal coronary artery ostia and Dsins=17.6 mm, the velocity inside the coronary artery
increases compared to that with Dsinus=20.8 mm. As mentioned previously, this is due to the
presence of the coronary artery ostia in a location closer to the leaflets. Therefore, leaflets can
push the blood flow into the coronary artery and increase the velocity magnitude of the
coronary artery flow.
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Figure 4.11 Velocity magnitudes at the coronary artery ostia at peak systole for mildly, moderately,
and severely calcified aortic valves for different locations of the coronary artery ostia (proximal,
middle, distal) and various diameters of the sinuses Dsins= 25, 20.8, and 17.6 mm, (a-C) Dsinus/D et
ventricle=1.5, (d'f) Dsinus/D Left ventricle=1.3, (g‘l) Dsinus/D Left ventricle=1.1.

As noted previously, the main factor for initiation and progression of the calcification
process has not been well identified. However, it is believed that the wall shear stress difference
between the fibrosa and ventricularis layers of the aortic valve leaflets can remodel the valve
structure and may play an important role in calcification of the aortic valve [18]. The average
wall shear stress of the different layers of the leaflets (fibrosa and ventricularis) corresponding
to healthy, mildly, moderately, and severely calcified aortic valves with different locations of
the coronary artery ostia and various diameters of the sinuses are illustrated in Figure 4.12. For
the ventricularis layer, calcification considerably increases the wall shear stress on the
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ventricularis layers of the leaflets (shown in Fig. 13 a-c); for instance, for the valve with
diameter of the sinus (Dsinus=25 mm) and distal coronary artery ostia (shown in Figure 4.12 c),
the wall shear stress increases from around 18.2 Pa for the healthy case to 21.5 Pa for the mildly
calcified, to 24.2 Pa for the moderately calcified, and to 28.2 Pa for the severely calcified cases.
Furthermore, as seen in Figure 4.12 a-c, the diameter of the sinus has a significant effect on the
wall shear stress on the ventricularis layers. For instance, for the severely calcified case with
proximal coronary artery ostia (shown in Figure 4.12 a), the wall shear stress considerably
increases from around 34.2 Pa for a calcified valve with Dsinys=25 mm to 52.2 Pa for Dsinus=20.8
mm (an approximately 52 % increase). Moreover, the location of the coronary artery ostia
changes the wall shear stress on the leaflet layers. As depicted in Figure 4.12 a-c, for the
severely calcified case with diameter of the sinuses Dsinus=17.6 mm, the wall shear stress
reaches 52.2 Pa for the valve with proximal coronary artery ostia compared to that of the distal
coronary artery ostia which is around 44.4 Pa (a 17% increase).

Although, calcification, on one hand, increases the wall shear stress on the ventricularis
layer of the leaflets, on the other hand it decreases the wall shear stress on the fibrosa layer of
the leaflets. To show this, the wall shear stress of the fibrosa layer of the aortic valve leaflets
with different locations of the coronary artery ostia (proximal, middle, and distal) and various
diameters of the sinuses (Dsinus= 25, 20.8, and 17.6 mm) are depicted in Figure 4.12 d-f.
Generally, stenosis of the aortic valve reduces the wall shear stress on the fibrosa layer; for
instance, the wall shear stress of the valve with distal coronary artery ostia and diameter of the
sinuses (Dsinus=17.6 mm) drops to 0.53 Pa for the severely calcified case in comparison with
that of the healthy case which is around 4.8 Pa.

Furthermore, the location of the coronary artery ostia impacts the wall shear stress of the
fibrosa layer of the leaflets. As an example (seen in Figure 4.12 d-f), for the severely calcified
cases with the smallest sinuses (Dsinus=17.6 mm), the wall shear stress decreases from 0.53 Pa
for the valve with distal coronary artery ostia (shown in Figure 4.12 f) to 0.25 Pa for the
proximal coronary artery ostia (shown in Figure 4.12 d); it reduces the WSS by approximately
50%.

The influence of the diameter of the sinuses on the wall shear stress on the fibrosa layer
are studied in Figure 4.12 d-f. For instance, for the moderately calcified aortic valve with
proximal coronary artery ostia (shown in Figure 4.12 d), the wall shear stress decreases from
1.52 Pa for the valve with Dsinis=25 mm to 1.43 Pa for the case with Dsinus=20.8 mm, and to
0.86 Pa for Dsinus=17.6 mm. Most interestingly, changes in the diameter of the sinuses show a
significant impact on the wall shear stress of the healthy aortic valve. As depicted in Figure
4.12 d, the wall shear stress for a healthy valve deceases from 4.5 Pa for the valve with diameter
of the sinus Dsinus=25 mm, to 3.5 Pa for Dsinus=17.6 mm; approximately 33% decease. It is
worth mentioning that these changes in the wall shear stress of the different layers of the leaflets
can, in turn, remodel the valve structure and thus impacts on the endothelium which leads to
endothelial dysfunction, dysfunction of the vessel wall, inflammatory responses, and as a result
initiation and progression of the calcification.
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Figure 4.12 Average wall shear stresses of the ventricularis (a-c) and fibrosa (d-f) layers of the aortic
valves for different location of the coronary artery ostia (proximal, middle, distal) and various
diameters of the sinuses Dsins= 25, 20.8, and 17.6 mm.

The effect of calcification accompanied with the locations of the coronary arteries and
the diameter of the sinuses on the hemodynamics of the aortic root were investigated in the
aforementioned paragraphs. In the following paragraph, the influence of the degree of valve
calcification, the locations of the coronary artery ostia, and the diameter of the sinuses on the
wall shear stress on the coronary artery wall are studied. To assess this, the wall shear stress of
healthy, mildly, moderately, and severely calcified aortic valves with different locations of the
coronary artery ostia, and various diameters of the sinuses are shown in Figure 4.13. Generally,
stenosis of the aortic valve decreases the wall shear stress on the coronary artery wall; the more
calcified the aortic valve, the less shear stress is imparted the on coronary arterial wall. For
instance, the wall shear stress of a valve with distal coronary artery ostia and diameter of the
sinuses Dsinus=25 mm decreases from 0.62 Pa for the healthy valve, to 0.43 Pa for the
moderately calcified, and to 0.28 Pa for the severely calcified cases.

Furthermore, the influence of the locations of the coronary artery ostia on the wall shear
stress at the coronary artery wall is illustrated in Figure 4.13 a-c. As seen, the wall of the
coronary arteries for an aortic valve with proximal coronary artery ostia witnesses smaller wall
shear stress compared to that with a distal coronary artery and a valve with a middle coronary
artery ostia. For instance, the wall shear stress for a severely calcified valve with diameter of
the sinuses Dsinus=17.6 mm decreases from 0.12 Pa for the valve with distal coronary artery
ostia to 0.08 Pa for that with proximal coronary artery ostia. The influence of the diameter of
the sinuses on the wall shear of the coronary artery wall are shown in Figure 4.13 a-c. Based
on the results, for the severely calcified aortic valve with proximal coronary artery, for an
example, the wall shear stress reduces from 0.28 Pa for the valve with diameter of the sinuses
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Dsinus=25 mm to 0.08 Pa for Dsinus=17.6 mm. As previously mentioned, the main reason for
initiation of coronary artery diseases and progression of atherosclerosis inside the coronary
arteries has not been well understood, although it is believed that the wall shear stress on the
wall can, in turn, accelerate this process [2]. From the aforementioned results, it can be
concluded that the probability of the initiation of coronary artery diseases in an aortic valve
with a proximal coronary artery and larger sinus diameter is much higher compared to either a
distal coronary artery or a middle coronary artery ostia.

Proximal Middle Distal
0.4 0.5 0.7
0.6
0.4
0 0.5 *
- Ds/Dy, =15 =03 : E 0.4 . LT by
202 ) & N s = ~.
‘% - i " D¢/Dpy = 1.3 % o \. E 03 . -
L. *, 2 ~ o g
Z S~ Dg/Dy =11 % D¢/Dyy = 1.5 . < s Ds/Dyy =15 & _ .
0.1 G ~~ 2 SR
ST AR — Do/Dyy =13 - oy |7 Ds/Duy =13 ~e
. o === De/Dyy — 11 o 77 Ds/Dw =11
Healthy Mild Moderate Severe Healthy Mild Moderate Severe Healthy Mild Moderate Severe
(a) (b) (©)

Figure 4.13 Average wall shear stresses of the coronary artery wall for valves with various diameters
of the sinuses Dsinis= 25, 20.8, and 17.6 mm and different locations of the coronary artery ostia
(proximal, middle, distal).

4.6 Conclusion

In this study, the effect of different locations of the coronary artery ostia and various
diameters of the sinuses of healthy, mildly, moderately, and severely calcified aortic valve
leaflets on the hemodynamic variation inside the aortic root as well as the coronary arteries was
investigated. Results revealed that variation of the geometry of the sinuses and the locations of
the coronary artery ostia change the hemodynamic parameters not only inside the aortic root
but also within the coronary artery, in particular:

(i) The valve orifice diameter for a valve with proximal coronary artery ostia is smaller than
that with distal coronary artery ostia; for instance, for a severely calcified aortic valve with a
diameter of the sinus Dsinus=25 mm, the valve orifice diameter reduces from 9.8 mm for the
valve with distal coronary artery ostia to 9.48 mm for a proximal coronary artery ostia.

(if) The diameter of the sinuses affects the flow features within the sinuses, considerably
changes the valve orifice diameter. For example, for the severely calcified valve with a distal
coronary artery, the valve orifice diameter drops to 9.8 mm for the case with (Dsinus=17.6 mm)
compared to that of with (Dsinus=25 mm) which is around 9.51 mm.

(iii) Similarly, the TPG is significantly affected by changing the location of the coronary artery
ostia and the diameter of the sinuses. For instance, the moderately calcified aortic valve with
distal coronary artery ostia and (Dsinus=20.8 mm) witnesses a TPG of 6.58 kPa, whilst for the
case with proximal coronary artery ostia, the TPG is 8.81 kPa (an approximately 33% increase).
Moreover, the TPG corresponding to a moderately calcified case with proximal coronary artery
ostia increases from 4.8 kPa for the aortic valve with Dsinus=25 mm, to 8.81 kPa and 9.85 for
those of the cases with Dsinus=20.8 mm and Dsinus=17.6 mm, respectively.
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(iv) The velocity magnitude inside the coronary arteries reduces for locations of the coronary
artery ostia close to the left ventricles. For instance, for the mildly calcified case with
Dsinus=20.8 mm, the maximum velocity magnitude decreases from around 1.58 m/s for the
valve with distal coronary artery ostia, to 0.84 m/s for proximal coronary artery ostia. Similarly,
the velocity magnitudes inside the coronary arteries are affected by decreasing the diameter of
the sinuses. For example, for a mildly calcified case with distal coronary artery ostia, the
velocity magnitude within the coronary artery decreases from 1.82m/s for the valve with
Dsinus=25 mm, to 1.4 m/s for that of with Dsinys=17.6 mm.

(v) The most interesting scenario observed for the velocity magnitude within the coronary
arteries was for the severely calcified valve with proximal coronary arteries when decreasing
the diameter of the sinuses to Dsinus=17.6 mm. In this case, the velocity magnitude increases to
around 1 m/s, compared to Dsinus=20.8 mm for which it is 0.8 m/s. This is because the coronary
artery ostia in this case is very close to the leaflets. Therefore, the blood flow is pushed into the
coronary arteries by the movements of the leaflets. Notably, however, the presence of the
proximal coronary artery ostia in the sinuses forces the leaflets and does not allow them to open
appropriately; the blood flow within the coronary arteries is increased and, compared to other
locations, is associated with reduced wall shear stress and thus reduced propensity for
atherogenesis.

(vi) Varying the location of the coronary ostia can, in turn, affect the wall shear stresses not
only on the different layers of the leaflet (ventricularis and fibrosa) but also within the coronary
arteries. Generally, the wall shear stress on the ventricularis layer of the leaflet increases when
the diameter of the sinuses decreases. By contrast, the WSS on the fibrosa layer of the leaflet
decreases due to decreasing the diameter of the sinuses. This difference in the wall shear stress
of the two layers of the leaflet may affect the endothelium and lead to the initiation and
progression of the calcification process. Furthermore, the coronary arteries of an aortic valve
with a smaller diameter of the sinuses witness a reduced velocity magnitude which leads to an
increase in the probability of coronary artery diseases and progression of atherosclerosis.

Based on the results of this study, any observed differences in the geometry of the sinuses
and the locations of the coronary artery ostia may have a significant effect on the
hemodynamics of the aortic root and the coronary arteries. The change in hemodynamics can,
in turn, remodel the coronary artery and the leaflet wall and lead to initiation and progression
of valve calcification and coronary artery disease.
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Chapter 5

Effect of the presence of coronary artery stenosis on the sinus
vortex structure

In Chapter 4, the influence of the locations of the coronary artery ostia on the
hemodynamic parameters inside the aortic root and coronary artery flow was studied. It was
shown that the transvalvular pressure gradient and valve orifice diameter are highly dependent
on the location of the coronary artery ostia. Furthermore, the effect of the locations of the
coronary artery ostia on the coronary artery hemodynamics was investigated. It was
demonstrated that patients with proximal coronary artery ostia experience reduced coronary
artery flow at peak systole compared to those with middle and distal coronary artery ostia.

Stenosis of the aortic valve is the most common form of valvular heart disease among
adults and frequently coexists with coronary artery disease. Invasive investigations have
demonstrated that the prevalence of coronary artery disease increases in the presence of aortic
valve stenosis such that over half of all patients with aortic valve stenosis require simultaneous
coronary bypass during aortic valve surgery. The correlation between calcific aortic valve
diseases and coronary artery atherosclerosis is not well understood. It is still incompletely
understood whether the presence of aortic valve stenosis initiates the coronary artery diseases
or the presence of coronary artery stenosis initiates and progresses calcific aortic valve disease.
This chapter is focused on providing an answer to the following research question which is the
third objective of this project: what is the correlation between coronary artery stenosis and the
wall shear stress on the leaflets?

FSI models of a healthy aortic valve with three different degrees of coronary artery
stenoses are developed. The effect of the presence of coronary artery stenosis on the sinus
vortex structures and most importantly the wall shear stress on the aortic valve leaflets are
investigated. It is shown that the more the coronary artery becomes stenosed, the less wall shear
stress experienced by the leaflets. Furthermore, the probability density functions of the wall
shear stress distribution on the aortic valve leaflets for different degrees of coronary artery
blockages are studied. It is shown that the leaflets of the healthy valve with a 75% stenosed
coronary artery experience a lower range of wall shear stress with a higher probability of having
very small wall shear stress on the leaflets. This means that a healthy valve with a 75% stenosed
coronary artery is more prone to be calcified overtime.

The details of the methodology, supporting evidence and data are presented and
explained in this chapter which consists of a paper format submitted to the Journal of Medical
& Biological Engineering & Computing:

Araz. R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C Zander, Adam
J. Nelson, Ross Roberts-Thomson, Kelvin K. L. Wong, Maziar Arjomandi, Prediction of
calcium deposition on aortic valve leaflets in the presence of coronary artery
atherosclerosis, Submitted to Journal of Medical & Biological Engineering & Computing.
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Prediction of calcium deposition on aortic valve leaflets in the
presence of coronary artery atherosclerosis

Araz Rezaei Kivi, Nima Sedaghatizadeh, Benjamin Cazzolato, Anthony Zander, Adam J
Nelson, Ross Roberts-Thomson, Kelvin K. L. Wong, Maziar Arjomandi

5.1 Abstract

This study aims to investigate the influence of coronary artery atherosclerosis on aortic
sinus hemodynamics and calcium deposition on aortic valve leaflets as well as the prediction
of the initiation and progression of calcific aortic valve disease (CAVD). A two-dimensional
fluid-structure interaction model of an aortic valve leaflet with three different levels of coronary
artery atherosclerosis was developed. Echocardiography images of arteries available in the
literature were used for the geometrical parameters. The results show that the presence of
coronary artery atherosclerosis changes the structure of the vortices inside the aortic sinus and
their corresponding vorticity magnitude during the cardiac cycle. Furthermore, the results
reveal that the leaflets of the aortic valve with healthy coronary arteries witness a higher shear
stress during the systole compared highly stenosed coronary arteries. The higher the coronary
artery stenosis the lower the shear stress ranges on the leaflets and the higher the probability of
having lower shear stress on the leaflets.

5.2 Introduction

One of the most important flow features affecting hemodynamic parameters within the
aortic root and coronary arteries is the formation of vortical structures inside the sinuses during
the cardiac cycle [1]. Previous studies have revealed that the presence of vortices in the sinuses
may have a significant effect on valve closure [2, 3] because of the pressure difference
generated behind the leaflets during diastole. Bellhouse et al. [2] correlated the valve closure
with the formation of vortex structures in the sinuses by measuring the pressure difference
between the sinus cavity and the ventricle. Later, Reul et al. [4] showed that there is a relation
between the valve closure and the transvalvular pressure gradient. Previous studies reveal that
the presence of various vortex structures inside the aortic sinuses can affect not only the closing
and opening of the aortic valve leaflets, but also has a significant influence on the sinus washout
mechanisms and the overall performance of the aortic valve [5, 6].

The wall shear stress (WSS) on the leaflets plays an important role in the initiation and
progression of calcific aortic valve disease (CAVD) [9-11] because the shear stress protects the
valvular endothelial cells from oxidative, inflammatory stress, and initiation of calcification.
Previous experimental [7] and numerical [8] studies show that there is a correlation between
the formation of vortex structures in an aortic sinus and the WSS on leaflets. Low WSS on
leaflets is potentially one of the main reasons for initiation of CAVD [7, 9], however, the
calcification of aortic valve occurs via a complex mechanism which is not fully understood yet
[10]. In a recent experimental study by Hatoum et al. [11] the effects of aortic valve stenosis
on the coronary artery flow and the WSS on leaflets during systole and diastole cycles was
investigated. They showed that the degrees of calcification of the aortic valve leaflets changes
the vortex structures formed in the aortic sinuses and consequently the sinus washout
mechanism and the wall shear stresses on leaflets. They also demonstrated that a severely
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calcified aortic valve experiences lower wall shear stresses on the leaflets during both systole
and diastole cycles.

Coronary artery flow plays an important role in changing the flow structures in the aortic
sinuses which affects the behaviour of the aortic valve. Several researchers have developed
numerical models of healthy and calcified aortic valves based on the fluid-structure interaction
(FSI) method [12-14]. For example, Amindari et al. [14] investigated the effects of leaflet
stiffening on the transvalvular pressure gradient (TPG) which is one of the main factors in
diagnosing aortic valve stenosis. Using FSI they calculated the TPG for calcified and severely
calcified aortic valves and also the WSS on the leaflets and compared the results with existing
in-vivo data produced by doppler echocardiography [15]. They found that the leaflets of a
severely calcified aortic valve witness lower shear stress values compared to that of a healthy
case. In addition to the effect of coronary flow on the calcification and behaviour of aortic
leaflets, the impact of calcification of aortic leaflets and sinuses on the coronary artery flow
was also investigated numerically [12, 13] and experimentally [7, 11]. For example, Nobari et
el. [13] investigated the effect of aortic valve stenosis on coronary hemodynamics using FSI
modelling. They found that the coronary flow rate decreases considerably (by approximately
40%) when the thickness of the leaflets is approximately doubled. Later, the study by
Mohammadi et al. [12] revealed that even the shape of the coronary artery affects the
hemodynamics and behaviour of the aortic valve. Using FSI an approach, they found that a
tapered shape of the coronary arteries wall decreases the WSS on coronary arteries.

While several studies have been focused on modelling the pathologies of aortic valves
using different experimental and modelling techniques [16-19], the effect of coronary artery
atherosclerosis on the formation and structure of vortex flow in aortic sinuses has not been
investigated in detail as yet. It is expected that the blockage caused by the coronary artery
stenoses changes the structure of the vorticies generated in the sinuses and accordingly leads
to initiation and progression of CAVD. Thus, it is very important to elucidate this hypothesis
for the formation of coronary artery stenoses resulting in the initiation and development of
CAVD.

The study presented here was carried out to develop an understanding of the effect of the
coronary artery atherosclerosis on the flow structures in an aortic sinus and the wall shear
stresses on the aortic valve leaflets with an ultimate objective of prediction of the initiation of
calcium deposition on the valve leaflets. A two-dimensional FSI model of a healthy aortic valve
was developed in ANSYS Workbench 19.1. The geometry of the modelling domain and flow
field parameters were selected based on echocardiography images available in the literature.
FSI modelling was utilised to determine the interaction between the blood flow and aortic valve
leaflets. The turbulent flow downstream of the leaflets was considered in the model using the
Menter’s kw shear stress transport (SST) turbulence model [12]. The effects of the degree of
stenosis inside the coronary artery (25, 50, and 75%) on the flow structure and vortex formation
in the valve sinuses, and the WSS on the valve leaflets, were investigated.

5.3 Computational Model

A two-dimensional FSI model of a healthy aortic valve was developed in ANSYS
Workbench 19.1. The geometry of the domain and the flow parameters were selected based on
available echocardiography images of a 27-year-old subject presented in the literature [14].
The numerical model includes two different domains: structure (flexible leaflets) and fluid
(blood flow) domains which include the aortic root, sinuses and coronary artery with different
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degrees of stenosis. A two-way coupling FSI model was utilised to account for the interaction
and momentum exchange between the fluid and solid domains. The details of the domains are
explained in the following sections.

5.3.1 Fluid domain (blood flow)

The different regions of the fluid domain including inlet, outlets (coronary and aorta),
and blood flow are illustrated in a. Figure 5.1 b-e shows the mesh structure in the developed
model for a healthy aortic valve with either a healthy or stenosed coronary artery based on the
echocardiography images shown in Figure 5.1 f. The blood is considered as a Newtonian,
isothermal, incompressible fluid with a constant viscosity and a density of 0.0035578 Pa.s and
1060 kg/m?3, respectively [12]. The sweep method was used to generate an unstructured mesh
for the fluid domain with approximately 10,000 prism elements. As shown in Figure 5.1 b, the
mesh near the artery wall and leaflets is denser in order to accurately model the flow boundary
layer. A sensitivity analysis was carried out for pressure and velocity for two grid sizes of
10,000 and 14,000. Based on the results, only a 2% difference between the calculated
parameters was observed when the number of elements increased from 10,000 to 14,000, while
the computation time increased by about 40% hence it was deemed that the mesh size 10,000
is an appropriate size in order to obtain accurate results.
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Figure 5.1 Schematic view of (a) healthy aortic valve with flexible leaflets, the sinuses are indicated
by a yellow dash-line, flow directions for the inlet and outlet are shown using red arrows, (b) fluid
domain mesh and boundary conditions; denser meshes are generated near the wall and leaflets to
improve the accuracy of results, coronary artery mesh with different degrees of stenosis (c) 25% (d)
50% (e) 75%, and (f) echocardiography images from a healthy aortic valve [14]; the shape of the
sinuses and leaflets are traced using a red and white dash-line, respectively.

The fluid domain computational grid was modified dynamically in order to accurately
model the movement of the leaflets at every time step. A spring-based smoothing and re-
meshing technique was applied to remesh the fluid domain at every time step based on the
instantaneous geometry of the leaflets. The k-w SST turbulence model was used due to its
capability for prediction of turbulence and modelling of separated flow. Two sets of boundary
conditions were applied at the inlet and outlets. At the ventricular side (inlet), a physiological
velocity profile obtained from Doppler echocardiography [13] was applied as the boundary
condition as shown in Figure 5.2. At the coronary artery outlets, a transient pressure profile
was considered as the outlet boundary condition as also shown in Figure 5.2. This profile
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obtained from the collected clinical data of the average coronary flow [20]. To extrapolate the
required information from the interior domain, the outflow boundary condition was considered
at the outlet of the aorta. The walls of the sinuses were assumed to be rigid. To investigate the
validity of this assumption, a sensitivity analysis was carried out on the pressure and velocity
components for two different models; one model with flexible leaflets and sinus walls, and
another model with flexible leaflets but solid sinus walls. Results show that there is only 0.1%
difference between the calculated parameters when the sinus walls change from solid to flexible
while the computation time was increased by about 20%; hence it was decided to consider the
model with flexible leaflets and solid sinus walls in this study.
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Figure 5.2 Inlet transient velocity profile applied at the inlet plane of the model (blue), and
physiological pressure at coronary outlets (red). Based on measurements by [13, 14, 20].

5.3.2 Structural domain (flexible leaflets)

The structural domain of the model consists of two flexible leaflets which open during
the systole to allow the blood flowing through the aorta and coronary arteries to feed the organs
and heart, separately. The leaflets are assumed to be isotropic with a density of 1060 kg/m?,
Poisson’s ratio of 0.3 and Young’s modulus of 2 MPa [14, 21]. ANSYS Mechanical APDL
was used to solve the equations of motion of the leaflets and determine the dynamic responses,
stresses and strains of the leaflets based on the Newmark time integration method [14]. The
mesh in the leaflets comprises 120 quadratic tetrahedral elements with a minimum of two
elements through the thickness and was generated using the sweep method. To satisfy the mesh
independency requirement, constant pressure was applied to the leaflets and a mesh
convergence study was carried out in the steady state condition. Results show that the accuracy
of the solution does not change for the models with more than 100 tetrahedral elements having
a maximum skewness of 0.43. The mechanical properties of the fluid and structural domains
and the boundary conditions applied to the fluid domain are presented in Table 5.1 and Table
5.2, respectively.

Table 5.1 Mechanical properties of the fluid and structural domains used in the modelling
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Domain Dynamic Density Young’s modulus Poisson’s
viscosity (Pa.s) (kg/m?) (MPa) ratio
Fluid (blood)
Incompressible, 0.0035578 1060
Isothermal, Newtonian
Structure (leaflets)
Linear elastic, Isotropic --- 1060 2 (healthy) 0.3
Table 5.2 Boundary conditions used in the modelling
Inlet Outlets (coronary FSI surface Walls
and aorta)

Transient Physiological Fluid structure interaction Solid walls

pulsatile pressure outlet surface between the for sinuses
velocity inlet | oytflow inaorta | flexible elastic leaflets and and aortic

Outlet blood flow root

5.3.3 Two-way coupling FSI

In order to model the interaction between the fluid and structural domains, two methods are
usually used by researchers: one-way coupling and two-way coupling [22]. As suggested by
[23], a two-way coupling method is useful to model the interaction between the aortic valve
leaflets and blood flow due to the large deformation of the leaflets during the cardiac cycle. In
the present study, the ANSYS coupling module was used to model the interaction between the
flexible leaflets and the blood flow. To solve the continuity, Navier-Stokes, and turbulence
equations corresponding to the fluid domain, the FLUENT module in ANSYS was used. To
solve the equations related to the deformation of the flexible leaflets, Mechanical APDL was
used in ANSYS. Then, at every time step, the data of the force and displacement were
exchanged between the FLUENT and Mechanical APDL to capture the interaction between
the structural and fluid domains.

5.4 Results and Discussion

In this section, the model is firstly validated quantitatively and qualitatively against
recently published data. Then, the effects of the presence of coronary artery stenoses on the
hemodynamics of the sinus structures and the WSS on the aortic valve leaflets are discussed.

5.4.1 Validation of the model

To validate the developed model, the obtained maximum transvalvular pressure gradient
(TPGmax) and average wall shear stress (AWSS) on the leaflets were compared against the
experimental data published by Keller et al. [15] and Yap et al. [24] (see Table 5.3). As can be
seen, there is good agreement between the calculated TPGmax and AWSS in this work and the
experiments carried out by Keller et al. [15] and Yap et al. [24].

Table 5.3 TPGmax comparison between previous in-vivo experiments and FSI modelling

Experimental results Present work
TPGmax (Pa) 799 [15] 791
AWSS on fibrosa layer (Pa) 2.12 [24] 1.82
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To further validate the model, the flow features and vortex structures in the aortic sinuses
were compared against the recently published experimental work by Hatoum and Dasi [11].
Figure 5.3 demonstrates a comparison of streamlines during the systole between the present
simulation and PIV experiment. As shown, the developed numerical model can accurately
model the flow features in the sinuses as observed in the PIV experiments by Hatoum and Dasi
[11]. There is a small difference observed between the flow features due to the existence of the
coronary artery in the present model and also the different dimensions of the sinuses and the
diameter of the aortic valve between the experimental and numerical models. As seen, the
dominant vortex in the sinus is shifted to the left due to the effect of the coronary artery in
discharging the flow from the cavity.

Sinus without coronary ostia Sinus with coronary ostia

\ Recirculation zone in sinus

Recirculation zone in sinus :
Aortic root

Aortic root
(a) (b)
Figure 5.3 Snapshot of the flow streamlines in sinuses around peak systole. A comparison of the flow
streamlines in sinus between (a) the PIV experiment [11] and (b) present simulation. The vortex
captured in numerical simulation matches well with the PIV experiment.

5.4.2 Hemodynamic assessment

The velocity contours for a healthy aortic valve with either healthy or stenosed coronary
arteries (25, 50, and 75%) at peak systole (t=0.1s) are depicted in Figure 5.4 (a-d). As can be
seen from the figure, the presence of stenosis inside the coronary arteries reduces the flow rate
through the coronary arteries during the cardiac cycle which consequently results in a decrease
in the valve orifice diameter. This is due to the increased pressure inside the aortic valve sinuses
caused by the reduction of the flow rate in the coronary arteries. The accumulated pressure in
the sinuses prevents the leaflets opening to their full extent. As illustrated in Figure 5.4 (a-d),
the valve orifice diameter decreases from 14.2 mm for the healthy valve with healthy coronary
arteries to 11.2 mm for the case with 75% stenosed coronary arteries. Because of this reduction
in the valve orifice diameter, the flow velocity through the valve orifice increases from 1.6 m/s
for the healthy valve with healthy coronary arteries to 1.82 m/s for the 75% stenosed coronary
arteries. Furthermore, the reduction in valve orifice diameter results in an increase of TPG from
792 Pa for the healthy valve with a healthy coronary artery to 1765 Pa for the 75% stenosed
coronary arteries. It is worth mentioning that the blocked coronary artery significantly changes
the vortex structures in the aortic valve sinuses especially the number and strength of the
recirculation zones within the sinuses. These changes, in turn, affect the aortic valve
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hemodynamics and its performance during the cardiac cycle. The details of these changes are
explained in the following paragraphs.

0m/s m T 182 m/s

(a) (b) (c) (d)
Figure 5.4 Velocity values for a healthy aortic valve with (a) healthy coronary arteries (b) 25% (c)
50% (d) 75% stenosed coronary arteries.

The presence of stenosis inside the coronary arteries affects the valve performance during
the cardiac cycle. In Figure 5.5, the tip position of the leaflets vs time is illustrated. As can be
seen from the figure, the maximum opening of the healthy valve with the healthy coronary
arteries at peak systole is larger (7.12 mm) compared to with the 25%, 50% and 75% stenosed
coronary arteries which are around 6.7 mm, 5.9 mm, and 5.6 mm, respectively. Furthermore,
it is worth mentioning that the shortest opening time for the leaflets corresponds to a healthy
valve with 75% stenosed coronary arteries. The opening time for the leaflets is highest for a
healthy valve with healthy coronary artery, followed by a healthy valve with 25%, 50%, and
75% stenosed coronary arteries, respectively.
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Figure 5.5 Leaflet tip position versus leaflet opening time for a healthy aortic valve with different
percentage of coronary arteries stenosis.
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The velocity profiles at the stenosed cross section of the coronary artery for healthy and
stenosed coronary arteries at mid diastole are depicted in Figure 5.6. The peak velocity
decreases from 0.42 m/s for the healthy coronary artery to around 0.36 m/s for the 25% stenosed
coronary artery and 0.28 m/s for the 75% stenosed coronary artery. It is worth mentioning that
the position of the maximum velocity inside the coronary artery changes when it is stenosed
such that the peak velocity for the valve with a healthy coronary artery is close to the opposite
wall of the coronary artery while that of the 50% stenosed coronary artery is almost at the
middle of the stenosed cross section.
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Figure 5.6 Velocity profile inside coronary artery at stenosed cross-section for healthy and stenosed
coronary arteries (25, 50, 75% degrees of stenosis) at mid diastole (t=0.57s).

The circulation strength of the vortices in the sinus during the cardiac cycle for a healthy
valve with healthy and stenosed coronary arteries (25, 50, and 75% blockages) is shown in
Figure 5.7. As depicted in Figure 5.7 (a), the circulation strength for the healthy valve with a
healthy coronary artery mainly has a predominantly positive value starting from around -0.001
m?/s, fluctuating with a positive magnitude and reaching its maximum of around 0.015 m?/s at
t = 0.24s. This indicates the dominant vortex inside the sinus during systole is a contraclockwise
(CCW) vortex that circulates inside the sinus and washes the flow out of the sinus through the
aorta at the end of systole.

The effect of the presence of coronary artery stenosis on circulation inside the sinuses is
illustrated in Figure 5.7 (a-d). As seen, the presence of stenosis inside coronary arteries
decreases the circulation strength inside the sinus. For example, the maximum circulation
magnitudes for a 25% and 50% stenosis inside the coronary arteries are 0.012 m?%/s and 0.006
m?/s, respectively. Furthermore, the circulation magnitude corresponding to a valve with
stenosed coronary arteries witnesses greater fluctuation during systole compared to those with
healthy coronary arteries. The circulation magnitude for a valve with a 75% stenosed coronary
arteries is shown in Figure 5.7 (d). In this case the coronary arteries witness negative and
positive magnitudes of circulation strength which means that the direction of vortex circulation
changes with higher frequency in comparison with the other cases investigated here. The
presence of vorticies with opposite directions and higher frequency dissipates the momentum
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Chapter 5 Effect of the presence of the coronary artery atherosclerosis on sinus vortex structure

of the flow and stagnates the flow inside the sinus. The stagnated flow in the sinuses decreases
the wall shear stress on the leaflets and contributes to the initiation and progression of CAVD.
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Figure 5.7 Circulation versus time inside sinus for a healthy aortic valve with (a) healthy coronary
arteries (b) 25% (c) 50% (d) 75% stenosed coronary arteries.

To investigate the possibility of occurrence of CAVD, the shear stress probability density
function (PDF) for a valve with healthy and stenosed coronary arteries around the leaflets
region is shown in Figure 5.8 during systole and diastole. As shown, the valve with healthy
coronary arteries experiences a shear stress from -1.5 to +2 Pa during the systole, and from -
0.5to +0.5 Pa during the diastole. From the figure, it is clear that a valve with stenosed coronary
arteries witnesses lower ranges of shear stress compared with the one with healthy coronary
arteries. The presence of stenosis inside the coronary artery decreases the shear stress on the
leaflets, and increases the probability of lower shear stress on the leaflets. For example, as
shown in Figure 5.8 (a and b), a valve with 75% stenosed coronary arteries witnesses a range
of shear stress (changing from -0.35 to +0.35 Pa in systole, and -0.1 to +0.12 Pa in diastole)
and higher probability compared with those for the valve with healthy coronary arteries which
changes from -1.5 to 2 Pa and -0.5 to +0.5 Pa during systole and diastole, respectively. Based
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on the results of this study, a valve with stenosis in the coronary arteries has a higher probability
of having a lower values of shear stress on the leaflets. As a result, there is a higher probability
of CAVD over time [7, 9].
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Figure 5.8 Log scale probability density function of shear stress distribution on leaflets of the healthy
aortic valve for different percentage of coronary arteries atherosclerosis during cardiac cycle (a)
systole (b) diastole.

5.5 Conclusion

In the present study, fluid-structure interaction modelling method was used to investigate

the effects of the presence of coronary artery stenosis on the flow features and the vortex
structures in aortic valve sinuses. The presence of the stenosis inside the coronary arteries not
only blocks the blood flow through the coronary arteries but also significantly changes the
vortex structures inside the sinuses and affects the aortic valve performance during the cardiac
cycle. The most important outcomes of this study can be summarised as follows:

The presence of stenosis inside a coronary artery reduces the coronary artery flow rate
and increases the pressure inside the sinuses during systole. The accumulated pressure
in the sinuses exerts forces on the leaflets and limits their angular movements during
systole which results in an insufficient opening of the leaflets which can result in aortic
valve stenosis over time.

The presence of the coronary artery stenosis affects the vortex structure in the sinuses,
such that a valve with a stenosed coronary artery has different vortex structures in term
of their frequency and strength compared with those of a valve with a healthy coronary
artery. Similarily, the circulation strength in the aortic sinuses of a stenosed coronary
artery is less than that in the sinuses of a healthy coronary artery. A dominant vortex
inside the sinuses of a valve with 75% stenosed coronary artery witnesses enormous
fluctuations of positive and negative magnitude of circulation strength compared to the
other cases examined. These fluctuations in circulation strength dissipate the
momentum of the flow and stagnates the flow inside the sinuses. The stagnated flow in
the sinuses decreases the values of wall shear stress on the leaflets and increases the
probability of initiation and progression of CAVD.

The wall shear stress on the leaflets for a valve with stenosed coronary arteries has a
lower range compared to that for a valve with healthy coronary arteries. Moreover, the
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probability density function of the shear stress corresponding to the valve with stenosed
coronary arteries is higher than for healthy coronary arteries. The higher probability of
lower wall shear stress on leaflets increases the probability of initiation and progression
of CAVD. This means that a valve with stenosed coronary arteries is more susceptible
to calcification over time.

5.6 References

[1] C. Peskin, A. Wolfe, The aortic sinus vortex, Federation Proceedings, 37 (1978) 2784-2792.
[2] B. Bellhouse, Velocity and pressure distributions in the aortic valve, Journal of Fluid
Mechanics, 37 (1969) 587-600.

[3] B. Bellhouse, L. Talbot, The fluid mechanics of the aortic valve, Journal of Fluid
Mechanics, 35 (1969) 721-735.

[4] H. Reul, N. Talukder, E. Mu, Fluid mechanics of the natural mitral valve, Journal of
Biomechanics, 14 (1981) 361-372.

[5] R. Toninato, J. Salmon, F.M. Susin, A. Ducci, g. Burriesci, Physiological vortices in the
sinuses of Valsalva: an in vitro approach for bio-prosthetic valves, Journal of Biomechanics,
49 (2016) 2635-2643.

[6] A.V. Steenhoven, P. Veenstra, R. Reneman, The effect of some hemodynamic factors on
the behaviour of the aortic valve, Journal of Biomechanics, 15 (1982) 941-950.

[7] B. Moore, L.P. Dasi, Spatiotemporal complexity of the aortic sinus vortex, Experiments in
Fluids 55 (2014) 1770-1778.

[8] T. Fukui, K. Morinishi, Influence of vortices in the sinus of valsalva on local wall shear
stress distribution, International Journal of Life Sciences and Medical Research, 3 (2013) 94-
103.

[9] L. Sun, S. Chandra, P. Sucosky, Ex vivo evidence for the contribution of hemodynamic
shear stress abnormalities to the early pathogenesis of calcific bicuspid aortic valve disease,
PLoS ONE, 7 (2012) 43-48.

[10] M. Thubrikar, L. Bosher, S. Nolan, The mechanism of opening of the aortic valve, Journal
of Thoracic and Cardiovascular Surgery 77 (1979) 863-870.

[11] H. Hatoum, L.P. Dasi, Spatiotemporal complexity of the aortic sinus vortex as a function
of leaflet calcification, Annals of Biomedical Engineering, 47 (2019) 1116-1128.

[12] H. Mohammadi, R. Cartier, R. Mongrain, Derivation of a simplified relation for assessing
aortic root pressure drop incorporating wall compliance, Medical & Biological Engineering &
Computing, 53 (2015) 241-251.

[13] S. Nobari, R. Mongrain, R. Leask, R. Cartier, The effect of aortic wall and aortic leaflet
stiffening on coronary hemodynamic: a fluid—structure interaction study, Medical & Biological
Engineering & Computing, 51 (2013) 923-936.

[14] A. Amindari, L. Saltik, K. Kirkkopru, M. Yacoub, H.C. Yalcin, Assessment of calcified
aortic valve leaflet deformations and blood flow dynamics using fluid-structure interaction
modeling, Informatics in Medicine Unlocked, 9 (2017) 191-199.

[15] EJ. Keller, S.C. Malaisrie, J. Kruse, P.V. Ooij, E. Semaan, P. McCarthy, J.C. Carr, AJ.
Barker, J.D. Collins, Restoration of physiologic hemodynamics in the ascending aorta
following aortic valve replacement: a 4D flow MR study, Journal of Cardiovascular Magnetic
Resonance, 18 (2016) P346.

[16] M. Bianchi, G. Marom, R.P. Ghosh, O.M. Rotman, P. Parikh, L. Gruberg, D. Bluestein,
Patient-specific simulation of transcatheter aortic valve replacement: impact of deployment
options on paravalvular leakage, Biomechanics and Modeling in Mechanobiology, 18 (2019)
435-451.

[17] E.J. Weinberg, M.R.K. Mofrad, Transient, three-dimensional, multiscale simulations of
the human aortic valve, Cardiovascular Engineering, 7 (2007) 140-155.

114



Chapter 5 Effect of the presence of the coronary artery atherosclerosis on sinus vortex structure

[18] E.J. Weinberg, M.R.K. Mofrad, A multiscale computational comparison of the bicuspid
and tricuspid aortic valves in relation to calcific aortic stenosis, Journal of Biomechanics, 41
(2008) 3482-3487.

[19] H.J. Kim, L.E. Vignon-Clementel, J.S. Coogan, C.A. Figueroa, K.E. Jansen, C.A. Taylor,
Patient-specific modeling of blood flow and pressure in human coronary arteries, Annals of
Biomedical Engineering, 38 (2010) 3195-3209.

[20] A.J. Pappano, W.G. Wier, Cardiovascular physiology, Mosby physiology monograph
series, Elsevier, Philadelphia: 10th Edition, (2007).

[21] A. Ranga, O. Bouchot, R. Mongrain, Computational simulations of the aortic valve
validated by imaging data: evaluation of valvesparing techniques, Interactive Cardiovascular
and Thoracic Surgery, 5 (2006) 373-378.

[22] F.K. Benra, H.J. Dohmen, J. Pei, S. Schuster, B. Wan, A comparison of oneway and two-
way coupling methods for numerical analysis of fluid-structure interactions, Journal of Applied
Mathematics, 6 (2011) 1-16.

[23] M.A. Fernandez, J.F. Gerbeau, Algorithms for fluid-structure interaction problems,
Journal of Cardivascular Mathematics, 1 (2009) 307-346.

[24] C.H. Yap, N. Saikrishnan, G. Tamilselvan, A.P. Yoganathan, Experimental measurement
of dynamic fluid shear stress on the aortic surface of the aortic valve leaflet, Biomechanics and
Modeling in Mechanobiology, 11 (2012) 171-182.

115



Chapter 6

Prediction of the wall shear stress distribution on aortic valve
leaflets

In Chapter 5, the effect of the presence of different degrees of coronary artery stenosis
on the sinus vortex structures and the wall shear stress distribution of the aortic valve leaflets
were investigated. It was found that a healthy aortic valve with a 75% stenosed coronary artery
iIs more at risk of calcification because it experiences lower range of wall shear stress on the
leaflets.

Stenosis of the aortic valve and its effect on the sinus vortex structures and the wall shear
stress on the leaflets is very important due to the impact the initiation and progression of calcific
aortic valve disease (CAVD). Although genetic factors impact on the initiation of calcific aortic
valve disease, alteration of the fluid shear stresses in the vicinity of the leaflets is believed to
be one of the main factors impacting the initiation of CAVD. Whilst it is not well understood
how CAVD initiates and progresses, it is believed that there is a link between the wall shear
stress on the leaflets and the initiation and progression of CAVD.

The main aim of this chapter is to develop a numerical model to predict the wall shear
stress distribution on the aortic valve leaflets as well as the variation of the sinus vortex
structures. The model is validated against the pressure and flow rate data collected from the in-
house in-vitro experiments. In this chapter, the effect of the locations of the coronary artery
ostia accompanied by the presence of coronary artery stenosis on the wall shear stress
distribution of the aortic valve leaflets is investigated. This study is conducted in order to find
the correlation between calcific aortic valve disease and the geometrical properties of the aortic
valve and coronary arteries. It is shown that an aortic valve with proximal coronary artery
witnesses a lower range of wall shear stress on the leaflets with a higher probability of
experiencing calcific aortic valve disease compared to those with distal and middle coronary
artery ostia. Furthermore, it is shown that a valve with proximal coronary artery ostia and a
75% blocked coronary artery experiences the lowest range of wall shear stress on the leaflets
with the corresponding highest probability of experiencing calcific aortic valve diseases.

The details of the methodology, supporting evidence and data are presented and
explained in this chapter which consists of a paper format submitted to the Journal of Annals
of Biomedical Engineering:

Araz. R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C Zander, Adam
J. Nelson, Ross Roberts-Thomson, Kelvin K. L. Wong, Maziar Arjomandi, Calcific aortic
valve disease prediction based on wall shear stress distribution on the leaflets, Submitted
to Journal of Annals of Biomedical Engineering.
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Chapter 6 Prediction of wall shear stress distribution on aortic valve leaflets

Calcific aortic valve disease prediction based on wall shear stress
distribution on the leaflets

Araz R. Kivi, Nima Sedaghatizadeh, Benjamin S. Cazzolato, Anthony C. Zander, Adam J.
Nelson, Ross Roberts-Thomson, Kelvin K. L. Wong, Maziar Arjomandi

6.1 Abstract

The aim of this study is to investigate the influence of leaflets stiffening, the positions of
coronary artery ostia, and the presence of the stenosed coronary arteries on aortic sinus
hemodynamics and wall shear stress on aortic valve leaflets as well as the prediction of the
initiation and progression of calcific aortic valve disease (CAVD). A two-dimensional fluid-
structure interaction (FSI) model of a healthy, a calcified, and a severely calcified aortic valve
leaflets was developed based on echocardiography images available in the literature. The effect
of the presence of three different degrees of coronary artery atherosclerosis and positions of
the coronary artery ostia on sinus flow patterns and hemodynamics was investigated. The
results show that the calcification of an aortic valve affects sinus vortex structures and
accordingly wall shear stress on aortic valve leaflets. Furthermore, the results reveal that wall
shear stress on aortic valve leaflets is highly affected by the positions of the coronary artery
ostia, and different degrees of the stenosis of the coronary arteries. For example, the severely
calcified aortic valve with proximal coronary artery ostia and 75% stenosed coronary arteries
witnesses a lowest ranges of the wall shear stresses on the leaflets compared with other models.
It is also shown that the severely calcified leaflets with proximal coronary ostia and 75 %
stenosed coronary arteries experiences higher probability of having smaller wall shear stresses
on the leaflets. This means that this model has a higher probability of the progression of stenosis
overtime.

6.2 Introduction

The formation of the vortical structures inside the sinus of Valsalva is one of the most
important flow features which affect hemodynamic parameters in the aortic root [1-3] and
coronary arteries [4-10]. It was shown that the existence of aortic sinus vortices play an
important role in the valve closure [4, 10]. In different studies the effects of the aortic sinus
vortex on sinus washout mechanism [11, 12] and overall performance of the aortic valve [4,
13] have been investigated. For example, Toninato et al. [4] carried out an in-vitro experiment
with different bioprosthetic valves and investigated vortical structures downstream of the
valves in the presence and absence of the sinuses. They showed that the formation of the
vortices in the sinuses of a bioprosthetic valve affects the ejection and closing phases. Hatoum
et al. [11] evaluated the influence of the depth and angle of the transcatheter aortic valve (TAV)
positioning on sinus vortices, transvalvular pressure gradient (TPG), leakage fraction (LF) and
sinus washout mechanism. They showed that the flow pattern in sinuses is highly affected by
the depth and rotation of the TAV which then impacts TPG, LF, and sinus washout mechanism.
A similar study was carried out by the same group [12] in which they demonstrated the effect
of sinus vortex structure on transcatheter aortic valve replacement (TAVR) operation and
likelihood of leaflets thrombosis downstream of TAVR because of the poor sinus washout
mechanisms.

The coronary artery flow has an impact on sinus vortex topologies and hemodynamics
[9, 10, 12]. Recently, Moore et al. [10] studied the effects of the presence of the coronary artery
flow on aortic leaflets mechanics and sinus hemodynamics. They showed that a leaflet
corresponding to a coronary sinus opens 10% more than that of with non-coronary sinuses.
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Furthermore, they also demonstrated that the presence of coronary flow increases flow velocity
near the leaflets base and pushes the vorticities deeper into the sinus which affects wall shear
stress on the leaflets. Several numerical studies also have investigated the effects of the
presence of the coronary flow on sinus hemodynamics [14-16]. For example, Wald et al. [14]
studied the influences of aortic stenosis (AV) and TAV implementation on coronary blood flow
during diastole phases. They showed that the AS increases the jet velocity along the valve and
as a result the vortex in sinus corresponding to a valve with sever degree of stenosis moves
towards downstream of leaflets and affects coronary artery flow. They elucidated the clinically
observed phenomenon that AV and coronary artery flow are interdependent [16].

Leaflets stiffening plays a crucial role in initiation and progression of CAVD because of
its effect on sinus vortex structures and wall shear stress on the leaflets [17-20]. However, it is
not well understood yet how CAVD initiates and progresses, it is believed that lower shear
stress on leaflets significantly impacts CAVD [17, 19, 21, 22]. Recently, Hatoum et al. [11]
showed the effect of TAV rotation on shear stress patterns on the leaflets. They also
investigated the effect of the presence and absence of coronary arteries on shear stress
distribution on leaflets. They demonstrated that the leaflets of the bioprosthetic aortic valve
with coronary artery ostia witness higher ranges of wall shear stress compared to that of without
coronary artery ostia. Later, another study [23] have been carried out by the same research
group in which they have investigated the effect of leaflets stiffening on wall shear stress on
the leaflets. They visualised the aortic sinus vortex structures corresponding to the valves with
different degrees of calcification and evaluated their association with CAVD. They showed
that the severely calcified aortic valve experiences lower magnitudes of wall shear stress on
the leaflets compared to moderately and mildly calcified cases.

However previous studies have investigated the effect of the leaflet stiffening on sinus
vortex structures and valve opening and closing period, there is a gap of knowledge regarding
the influence of the positions of the coronary artery ostia and the presence of different degrees
of coronary artery stenosis accompanied with leaflet stiffening on sinus vortex structures and
accordingly probability density function of wall shear stress distribution on leaflets. Thus, in
this article, the effect of leaflets stiffening, different degrees of coronary artery stenosis, and
different positions of the coronary artery ostia, on wall shear stress distribution on leaflets is
reported. The aim of this study is to elucidate how the geometrical variations (leaflet stiffening
and different positions of the coronary artery ostia) and the presence of the different degrees of
the coronary artery stenosis can change sinus vortex structures and what are their potential
relationship with CAVD. A two-dimensional FSI model of a healthy, a calcified and a severely
calcified aortic valve was developed in ANSYS Workbench 19.1. The geometry of the domain
and flow field parameters were extracted from the echocardiography images available in the
literature. FSI modelling was utilised to determine the interaction between the blood flow and
aortic valve leaflets. The k — w turbulence model was used to compute the turbulent flow field
downstream of the leaflets. The effects of the leaflet stiffening considering coronary artery
atherosclerosis on the vortical structures inside the sinus were studied. The probability density
function (PDF) of wall shear stresses on the leaflets corresponding to a healthy, a calcified, and
a severely calcified aortic valve with taking into account the different degrees of coronary
artery stenosis and positions of the coronary artery ostia were calculated and compared.

6.3 Computational Model

Commercial ANSYS software was utilised to simulate a two-dimensional fluid structure
interaction model of an aortic valve with healthy leaflets. A 2D echocardiography image from
a 27 years old subject with healthy valve available in the literature [24] was used to generate
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the geometry of a two-dimensional FSI model. The simulated model includes two main
domains: structural domain and fluid domain including sinuses, coronary arteries with different
degrees of stenosis, and aortic root. A two-way system coupling technique was used to simulate
the interaction between the structural and fluid domains. The details of both domains are
explained in the following sections.

6.3.1 Fluid domain (blood flow)

The different parts of the fluid domain including inlet, blood flow, outlets (aorta and
coronary) are shown in Figure 6.1 a. The structure of the mesh corresponding to a healthy aortic
valve with healthy and stenosed coronary arteries are shown in Figure 6.1 b-e. The model is
extracted from the echocardiography available in the literature which is shown in Figure 6.1 f.
The blood flow is assumed as an isothermal, Newtonian, and incompressible fluid with a
density and viscosity of 1060 kg/m® and 0.0035578 Pa.s, respectively [25]. To generate
unstructured mesh for the fluid domain, the sweep method was utilised with around 10,000
prism elements. As it is seen in Figure 6.1 b, to accurately model the flow in the vicinity of the
walls of the leaflets, a denser mesh is generated near the leaflets and the wall of the arteries. In
order to verify the results, the mesh independency study was conducted for pressure and
velocity considering two different mesh size of 10,000 and 14,000. The results show that the
calculated parameters change only 2% while the computational time increases by 40%. Thus,
it was assumed that 10,000 elements in the domain produces a sufficient resolution to obtain
more accurate results.

In order to accurately model the dynamical movement of the aortic valve leaflets, the
mesh of the computational domain was modified at every time step. To re-mesh the fluid
domain at every time step, spring-based smoothing and re-meshing techniques were utilised.
The k- SST turbulence model was utilised to accurately model the separated flow in the
vicinity of the leaflets. A physiological velocity profile (shown in Figure 6.2) extracted from
the Doppler echocardiography technique [16] was applied as a boundary condition at the inlet
of the fluid domain. At the outlet of the coronary arteries, a transient pressure profile (shown
in Figure 6.2) was considered as a boundary condition. These data were collected from the
averaged clinical data available in the literature [26]. At the outlet of the aorta, the outflow
boundary condition was applied to extrapolate the required information from the fluid domain.
The walls of the sinuses were considered to be rigid. In order to validate this simplification, a
sensitivity study was conducted on the pressure and velocity components for two different
models: one model with elastic sinus walls and leaflets, and another model with solid sinus
wall but elastic leaflets. Results demonstrate that the calculated parameters change only 0.1%
while the computational time increases by 20%. Therefore, the model with elastic leaflets and
solid sinus wall was studied in the current study.
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Figure 6.1 A schematic of (a) healthy aortic valve with flexible leaflets. The sinuses are marked by a

black dash-line, flow directions for the inlet and outlet are shown using black arrows, (b) fluid domain
mesh structure and boundary conditions. A denser meshes structures is used near the wall and leaflets
to improve the accuracy of results. Coronary artery mesh structure with different degrees of stenosis
(c) 25% (d) 50% (e) 75%, and (f) echocardiography images from a healthy aortic valve [24]; the
shape of the sinuses and leaflets are traced using a red and white dash-line, respectively.
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Figure 6.2 Inlet transient velocity profile applied at the inlet plane of the model (blue), and
physiological pressure at coronary outlets (red). Based on measurements by [16, 24, 26].

6.3.2 Structural domain (deformable leaflets)

The structural domain includes two deformable leaflets which can move during the
systole phase because of the force applied by the fluid domain. The structural part of a healthy
valve was considered as isotropic material with Young’s modulus, density and Poisson’s ratio
of 2MPa, 1060 kg/m?3, and 0.3, respectively [24, 27, 28]. In the current study, it was assumed
that the calcium deposits uniformly along the leaflets which changes the Young’s modulus of
the leaflets to 10MPa (calcified case) and 20MPa (severely calcified case) [24]. The structural
part was solved using Mechanical APDL module of the ANSYS. Leaflets were meshed based
on the sweep method with approximately 120 quadratic tetrahedral element having at least two
elements through the thickness of the leaflets. A mesh convergence study was conducted by
applying constant pressure along the leaflets. Results revealed that the mesh independency is
achieved by considering 100 tetrahedral elements along the leaflets with maximum skewness
of 0.43. The mechanical characteristics of structural and fluid domains accompanied with
applied boundary conditions are presented in Table 6.1 and Table 6.2, respectively.

Table 6.1 Mechanical properties of the fluid and structural domains used in the modelling

Domain Dynamic Density Young’s modulus Poisson’s
viscosity (Pa.s) (kg/md) (MPa) ratio

Fluid (blood)

Incompressible, 0.0035578 1060

Isothermal, Newtonian

Structure (leaflets) 2 (healthy)

Linear elastic, Isotropic 1060 10 (calcified) 0.3

20 (severely calcified)
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Table 6.2 Boundary conditions used in the modelling

Inlet Outlets (coronary FSI surface Walls
and aorta)
Transient Physiological Fluid structure interaction Solid walls
pulsatile pressure outlet surface between the for sinuses
velocity inlet | oytflow inaorta | flexible elastic leaflets and |  and aortic
Outlet blood flow root

6.3.3 Two-way coupling FSI

To model the interaction between the structural and fluid domains, two techniques are
typically utilised: one is known as one-way coupling and another one is two-way coupling [29].
Due to the large deformation of the leaflets [30], the two-way coupling is frequently used by
researchers to simulate the interaction between the structural (flexible leaflets) and fluid
domains (blood flow). The system coupling module of the commercial software ANSYS was
utilised in the current work in order to simulate the interaction between the structural (flexible
leaflets) and fluid (blood flow) domains. FLUENT module in ANSYS was used to solve the
Navier-Stokes, and turbulence equations within the fluid domain. Mechanical APDL was
utilised to solve the deformation equation corresponding to the structural (flexible leaflets)
domain. System coupling module of the ANSY'S was used to exchange the displacement and
force data between the structural and fluid domain at every time step.

6.4 Experimental setup

Data obtained from the in-vitro experiment was used to validate the developed
computational model. Figure 6.3 a and b show the experimental test rig which includes (1) a
controllable in—-house piston pump which is able to produce physiological aortic flow profile,
(2) and (4) pressure sensors (OMEGA PX319 silicon pressure sensor) to measure the pressure
before and after the bioprosthetic valve in order to calculate the transvalvular pressure gradient,
(3) a 21mm Edwards Intuity (Edwards Lifesciences, Irvine, California) bioprosthetic aortic
valve mounted inside a silicon-based sinus chamber, (5) a flow sensor (OPTIBATCH 4011C)
used to measure the physiological aortic flow rate, (6) a compliance chamber used to add
resistance to the aortic flow and create appropriate backflow during the diastole, (7) a resistance
valve, (8) a fluid reservoir, (9) acomputer, power supply and DAQ card (NI USB-6211). Figure
6.3 ¢ shows the test section including the silicon-based sinus model and the mounted
bioprosthetic aortic valve (shown in Figure 6.3 d).
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Figure 6.3 (a) experimental test setup: (1) in-house controllable piston-pump, (2) ventricle pressure
sensor, (3) bioprosthetic aortic valve mounted inside silicon-based sinus chamber, (4) aortic pressure
sensor, (5) flow sensor, (6) compliance chamber, (7) resistance valve, (8) fluid reservoir, (9)
computer, power supply and DAQ card, (b) test section with a 21 mm bioprosthetic Edwards Intuity
aortic valve (Edwards Lifesciences, Irvine, California) [31] mounted inside silicon based sinus
chamber, (c) Schematic of the test setup.

To mimic the viscosity and density of the blood, the working fluid was chosen a mixture
of 40% glycerine and 60% distilled water by mass fraction based on the literature [32-34].
Mach#3 software was used to control the in-house built piston-pump to produce the
physiological flow rate profile through the aortic valve. The pressures before and after the valve
were measured using two pressure sensors (OMEGA PX319 silicon pressure sensor with
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accuracy of 0.04%) to ensure physiological conditions. Flow and pressure measurements were
recorded in LabVIEW at least for 50 cycles. The aortic flow rate was measured using flow
meter (OPTIBATCH 4011C with accuracy of 0.15%) and compared to that of extracted from
the computational model. As it can be seen in Figure 6.4, there is a good agreement between
the aortic flow rate profile between the experimental and computational models. The averaged
TPG corresponding to a bioprosthetic valve used in the experiment is measured (658.32) and
compared with that of the computational model (633 Pa). It is worth mentioning that, there is
only 4% differences between the TPG measured in experiment and calculated TPG in FSI
simulation. The pressure and flow rate measurements reported in this study are the average
data of the eight measurements, and the maximum measurements error were reported as 0.15%.
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Figure 6.4 Aortic valve flow waveform comparison between the experimental and computational
models.

6.5 Results and discussions

Velocity streamline at peak systole (t=0.1s) for a healthy aortic valve with healthy
coronary arteries, a calcified aortic valve with 25% stenosed coronary arteries, and severely
calcified aortic valve with 75% stenosed coronary arteries are depicted in Figure 6.5 (a-c),
respectively. As it can be seen, the valve orifice diameter decreases from 14.2 mm (shown in
Figure 6.5 a) for the healthy valve with healthy coronary arteries to 10.4 mm (shown in Figure
6.5 b) for the calcified valve with 25% stenosed coronary arteries, and to 8.11mm (shown in
Figure 6.5 c) for the severely calcified valve with 75% stenosed coronary arteries. It is worth
mentioning that valve orifice diameter corresponding to severely calcified case with healthy
coronary arteries is approximately 9.6 mm which is 18 % larger than that of with a healthy
valve with 75% stenosed coronary arteries. It means that the more the valve becomes stiff and
the coronary arteries get blocked, the less is the valve orifice diameter. Furthermore, the leaflets
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stiffening accompanied by coronary artery stenoses increases the jet velocity in the aortic valve.
As can be seen, the maximum jet velocity at peak systole increases from 1.65 m/s for the
healthy valve with healthy coronary arteries to 2.34 m/s for the calcified valve with 25%
stenosed coronary arteries, and to 2.51 m/s for the severely calcified case with 75% stenosed
coronary arteries. By contrast, leaflets stiffening accompanied by coronary artery stenosis
decreases coronary artery flow velocity. As shown in Figure 6.5 (a-c), the velocity inside
coronary arteries at peak systole decreases from 0.64 m/s for the healthy valve with healthy
coronary arteries to 0.45 m/s for the calcified valve with 25% stenosed coronary arteries, and
0.23 m/s for the severely calcified case with 75% stenosed coronary arteries.

Leaflets stiffening and coronary artery stenosis affect the sinus vortex structures and
coronary flow features. As depicted in Figure 6.5 a, recirculation zone corresponding to the
healthy valve with healthy coronary arteries (shown with RZ;) at peak systole has two main
vortices occupying aortic valve sinuses. These vortices are smaller compared to those
corresponding to the sinuses of the severely calcified valve with 75% stenosed coronary arteries
(shown with RZ> in Figure 6.5 c¢). Furthermore, the bigger vortices generated in the sinuses of
the severely calcified valve with 75% stenosed coronary arteries are closer to coronary artery
ostia compared to those of with the sinuses of the healthy valve with healthy coronary arteries.
The increase in the size of the vortices can prevent blood flowing into the coronary arteries at
peak systole and change the flow structures inside the coronary arteries.

The presence of stenosis inside coronary arteries can, in turn, affect the flow features in
coronary arteries. As can be seen, there is a large vortex near the right wall of the coronary
arteries corresponding to a healthy valve with healthy coronary arteries (shown with Ry in
Figure 6.5 a). As the coronary arteries get blocked, the number of vortices increases. As
depicted, there are two main vortices inside the coronary arteries before and after the stenosis
(shown in with Rz and Rs in Figure 6.5 b). It is worth mentioning that the more the coronary
arteries become blocked, the bigger vortices generated before and after the coronary stenosis
(shown with R4 and Rs in Figure 6.5 c).

Healthy Aortic Valve Calcified Aortic Valve Severely Calcified Aortic Valve
with healthy coronary arteries with 25% stenosed coronary arteries with 75% stenosed coronary arteries

mm 251 m/s

(a) (b) (©)
Figure 6.5 Velocity streamlines for (a) a healthy aortic valve with healthy coronary artery, (b) a
calcified valve with 25% stenosed coronary artery, and (c) a severely calcified valve with 75%
stenosed coronary artery.
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To illustrate the effects of the leaflet stiffening and the position of the coronary artery
ostia on sinus vortex structures, the circulation versus time for the healthy, calcified, and
severely calcified aortic valve with a healthy distal, middle and proximal coronary artery ostia
are depicted in Figure 6.6 a-c. Generally, leaflets stiffening significantly changes the vortex
structures inside the sinus cavity. As it can be seen in Figure 6.6 a, a dominant counter
clockwise (CCW) vortex corresponding to a healthy valve with a healthy distal coronary artery
ostia has a peak at approximately +0.016 m?/s (shown with P1 in Figure 6.6 a), whilst the
dominant vortex corresponding to a severely calcified case with healthy distal coronary artery
ostia is a clockwise (CW) vortex with the strength of +0.008 m?/s. It is due to a larger sinus
cavity for the severely calcified valve in comparison with a healthy valve which affects the
number of CW and CCW vortices inside the sinus cavity. It means that the severely calcified
aortic valve witnesses a large number of CW vortices generated near the leaflets impacting the
dominant vortex’s strength and structure.

The effects of the position of the coronary artery ostia on sinus vortex structures are
illustrated in Figure 6.6 a-c. As shown, peak circulation strength decreases from approximately
+0.016 m?/s (shown with Py in Figure 6.6 a) for a healthy valve with distal coronary artery
ostia, to +0.006 m?/s (shown with P3 in Figure 6.6 a) for that of with proximal coronary artery
ostia. For the severely calcified valve, the peak decreases from approximately -0.01 m?/s
(shown with P2 in Figure 6.6 a) for the severely calcified case with distal coronary artery ostia
to -0.002 (shown with P4 in Figure 6.6 c) for that of with proximal coronary artery ostia. It
means that as the coronary artery ostia becomes closer to the base of the leaflet, the circulation
strength reduces. It is also worth mentioning that a valve with a middle coronary artery ostia
witnesses a larger recirculation strength during the diastole phase (shown with Zg in Figure 6.6
b) compared to that of corresponding to a valve with a proximal and a distal coronary artery
ostia (shown with Za and Zc in Figure 6.6 a and c).
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Figure 6.6 Circulation versus time inside sinus cavity for healthy, calcified, and severely calcified
aortic valves with a healthy (a) distal, (b) middle, and (c) proximal coronary arteries.

The probability density function (PDF) of shear stress distribution on leaflets during
systole and diastole for the healthy, calcified, and severely calcified aortic valve with a healthy
distal, middle, and proximal coronary artery ostia is illustrated in Figure 6.7. Generally, as
shown in Figure 6.7 a and b (see orange shaded rectangular), a severely calcified valve
experiences lower ranges of shear stress during systole (- 0.5 to + 0.5 Pa), and diastole (-0.1 to
+ 0.2 Pa) on the leaflets with a higher probability of having lower shear stresses compared to
those of with healthy valve which are (systole: -1.5 to + 2 Pa, and diastole: -0.55 to + 0.55 Pa).
Furthermore, Figure 6.7 shows that the more the coronary artery ostia moves towards the
leaflets base, the less is the range of the wall shear stress on the leaflets, and the higher is the
probability of having lower shear stress on the leaflets. For example, shear stress ranges
corresponding to a healthy valve with distal, middle, and proximal coronary artery ostia during
the systole are shown in Figure 6.7 ¢ and e (orange and green shaded rectangular). As can be
seen, the leaflets of the healthy valve with a distal coronary artery ostia have ranges around (-
1.5 to + 2 Pa), whilst that of corresponding to a healthy valve with middle and proximal
coronary artery ostia are (-1.2 to + 1.2 Pa) and (-0.6 to +0.6 Pa), respectively. This means that
a healthy valve with a proximal coronary artery ostia is more prone to calcification because of
having a high probability of lower ranges of shear stress on the leaflets.
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Figure 6.7 Log scale probability density function of shear stress distribution on leaflets during
systole and diastole for healthy, calcified, and severely calcified aortic valve with a healthy
(a, b) distal, (c, d) middle, and (e, f) proximal coronary arteries.

The effects of the different degrees of coronary artery stenoses accompanied by leaflets
stiffening on sinus vortex structures are demonstrated in Figure 6.8 a-c. As can be seen, the
presence of a coronary artery stenosis accompanied by intensified circulation strength in the
sinus cavity. For example, the circulation strength corresponding to a healthy valve with a 25%
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stenosed coronary artery has a peak around 0.012 m?/s (shown with Ps in Figure 6.8 a)
compared with that of related to a healthy valve with healthy coronary arteries which was
approximately 0.016 m?/s (shown with P1 in Figure 6.6 a). Similarly, for the severely calcified
valve, the circulation strength peak corresponding to a valve with 75% stenosed coronary artery
(shown with Ps in Figure 6.8 ¢) is -0.025 m?/s, while that of with the valve with healthy
coronary arteries was around -0.002 m?/s (shown with Py in Figure 6.6 c).

Furthermore, the most interesting result is that the circulation variation in sinus cavity
corresponding to a calcified aortic valve with 50% and 75% coronary artery stenosis fluctuates
with almost negative magnitudes (as shown in Figure 6.8 b and c), While, this behaviour
corresponding to a calcified valve with the healthy coronary artery (shown in Figure 6.6 b and
c) is different as it fluctuates around the horizontal axis with positive and negative magnitudes.
It can be concluded that a dominant vortex in sinus cavity for the calcified valve with 50 and
75% stenosed coronary arteries is a CW vortex with negative magnitude during the cardiac
cycle, while that of related to a valve with heathy coronary arteries is a combination of CW
and CCW vortices converting to each other over the cardiac cycle.

It is also worth mentioning that the presence of higher degrees of stenosis (75% stenosis)
inside the coronary arteries creates a recirculation during the diastole (shown with orange
shaded rectangular in Figure 6.8 ¢) compared with that with 25% stenosis (shown with orange
shaded rectangular in Figure 6.8 a) which is almost zero. This circulation strength can affect
shear stress on leaflets during the diastole.
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Figure 6.8 Circulation versus time inside sinus cavity for healthy, calcified, and severely calcified
aortic valves with (a) 25%, (b) 50%, and (c) 75% stenosed coronary arteries.

The effects of the position of the coronary artery ostia (distal, middle, and proximal) for
the healthy, calcified, and severely calcified valves with severe coronary stenosis (75% degrees
of stenosis) on shear stress on the leaflets during systole and diastole are illustrated in Figure
6.9. Generally, the more the coronary artery ostia moves towards the leaflets’ base, the less is
the shear stress ranges on the leaflets, and the higher is the probability of the generation of
smaller shear stress. For example, as can be seen in Figure 6.9, a healthy valve with a proximal
stenosed coronary artery experiences lower ranges of shear stresses on the leaflets during the
systole (-0.3 to +0.35 Pa), and diastole (-0.05 to +0.1 Pa) compared with a healthy valve with
a middle and a distal coronary artery ostia which witness shear stress ranging from (systole: -
1 to +1Pa and diastole: -0.15 to +0.15 Pa) and (systole: -1.2 to +1.2 Pa, and diastole: -0.25 to
+0.25 Pa), respectively.

Furthermore, a severely calcified valve with a 75% stenosed proximal coronary artery
has the lowest ranges of the shear stress among the other kind of severely calcified valves. As
it is clear from Figure 6.9 a and d, the shear stress ranges corresponding to a severely calcified
valve with a proximal 75% stenosed coronary artery during systole and diastole are around (-
0.02 to + 0.05 Pa) and (-0.002 to + 0.01 Pa), respectively. Whilst, a severely calcified aortic
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valve with a middle and a distal 75% stenosed coronary arteries confront higher shear stress
ranging from (-0.2 to + 0.2 Pa; -1 to + 0.25Pa) for the systole and (-0.01 to + 0.02 Pa; -0.05 to
+ 0.02 Pa) for the diastole. It is worth mentioning that shear stress ranges corresponding to any
kind of valves (healthy, calcified, and severely calcified) with healthy coronary arteries are
higher than those of with 75% stenosed coronary arteries (comparing Figure 6.9 with Figure
6.7). It means that stenosis inside coronary arteries decreases shear stress on the leaflets and
increases the probability of having lower shear stress ranges on the leaflets. The lower shear
stress on the leaflets increases the progression of aortic valve calcification.

0, i . R
& /ogtenosed Prgxmal 75% stenosed Middle 75% stenosed Distal
oronary ostia Coronary ostia Coronary ostia
4 > e
Systole Systole Systole
~ 10! & ~ 10!
T S '3
S L qq0 10°
& o100 2 %‘;
8 e 107 g 107
£ 1071 & =
i g 107 = 1077
2 107% 5 2 -
0 ‘S 1073 » 1073 K
6 1073 L ] '
a ' g |- w107 .
a ) o g0t [a)
g 1wl ‘ -1 05 0 05 1 & 10-5
-03-02-01 0 01 02 03 04 Shear Stress (Pa) 15
Shear St P 15 1 -05 0 05 1 1
ear Stress (Pa) Shear Stress (Pa)
(a) (b) (c)
Diastole Diastole Diastole
—~ 10* - 10t
I — @
s [ |
S £ g 10
8 100 8 8
2 g £ 10
(2] n [%]
§ § E 1072
(:7_) 101 & “(2
Y= = s)
° S o 1073
a) a] g
& jo-2 { \ Q- q10-3 1074
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 1 015 -01 -005 0 005 01 015 03 02 01 0 01 02 03
Shear Stress (Pa) Shear Stress (Pa) Shear Stress (Pa)
(d) (e) ()

Healthy ----Calcified Severely Calcified
Figure 6.9 Log scale probability density function of shear stress distribution on leaflets during systole
and diastole for healthy, calcified, and severely calcified aortic valve with a 75% (a, d) proximal, (b,
e) middle, and (e, ) distal coronary arteries.

6.6 Conclusion

In the present study, fluid structure interaction modelling was used to investigate the
effects of the leaflets stiffening, the positions of the coronary artery ostia and stenosis inside
coronary artery on flow features, the sinus vortex structures, and shear stress on the aortic valve
leaflets. The presence of the coronary artery stenosis accompanied with leaflets stiffening
significantly impact flow features inside the sinuses and changes shear stress on the leaflets
which eventually affects the aortic valve performance. The most important outcomes of this
study can be summarised as follows:
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o Leaflets stiffening affects not only valve orifice diameter, jet velocity along the valve
but also significantly changes sinus vortex structures and accordingly shear stress on
the leaflets; the more the valve becomes calcified, the less is the shear stress ranges and
the higher is the probability of having lower sheas stress on the leaflets.

e The positions of the coronary artery ostia impacts on sinus vortex structures and sheas
stress on the leaflets. The more the valve moves towards leaflets base, the less is the
shears stress ranges on the leaflets. For example, a healthy valve with healthy proximal
coronary artery ostia witnesses lower ranges of shear stress with higher probability of
corresponding shear stress. It means that a healthy valve with proximal coronary artery
ostia are more prone to get calcified over times compared to those of with distal and
middle coronary artery ostia.

e The presence of stenosis inside coronary arteries accompanied with leaflets stiffening
intensify flow features inside sinuses and decreases shear stress ranges on the leaflets.
For example, a severely calcified aortic valve with 75% stenosed proximal coronary
arteries experiences the lowest ranges of shear stress on the leaflets with highest
probability of corresponding shear stress and accordingly highest probability of
progression of CAVD.
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Chapter 7

Conclusions and future work

The work presented in this thesis investigated a number of phenomena related to the
dynamical motion of aortic valve leaflets, the hemodynamic variation within the aortic root,
sinuses, and coronary arteries as well as the generation of sinus vortex structures. More
specifically, this thesis has developed a numerical model to predict the variation of the
hemodynamic parameters and find the correlation between the hemodynamic variation inside
the sinus cavity and the initiation of calcific aortic valve diseases. The effect of the geometrical
parameters on the hemodynamic variation inside the sinus cavity and the coronary arteries has
also been studied. During the course of this research, numerical studies and in-vitro
experiments were conducted to develop a better understanding of the correlation between the
aortic valve hemodynamics and initiation and progression of aortic valve and coronary artery
diseases.

7.1 Significance of present work

In spite of a vast number of studies in the field of cardiovascular fluid mechanics and
numerical simulation of the dynamical motion of the aortic valve, the correlation between the
variation of the hemodynamic parameters within the sinus cavity and the initiation of calcific
aortic valve disease is still a subject of discussion. Much research into modelling of the aortic
valve has been focused on simulation of the dynamical motion of the aortic valve leaflets using
different numerical methods (such as finite element analysis, computational fluid dynamics,
and fluid structure interaction) and considering different material properties of the aortic valve
leaflets. However, in-vitro studies have shown a strong relation between calcification of the
aortic valve and the valve orifice area. Therefore, there is a need to develop a numerical model
which is able to calculate the hemodynamic variations inside the sinus cavity and coronary
arteries in order to predict a correlation between the hemodynamic variations such as vorticity
magnitude inside the sinus cavity, the wall shear stress on the leaflets and initiation of calcific
aortic valve diseases. The main achievements and significance of this thesis can be summarised
as:

% A numerical fluid structure interaction model of the dynamical motion of the
aortic valve leaflets considering coronary arteries was developed using the system
coupling module of ANSYS-Fluent software. The influence of stenosis of the
aortic valve on the hemodynamic variations inside the aortic root, sinus cavity,
and coronary arteries was investigated. It was found that stenosis of the aortic
valve not only affects the hemodynamic parameters inside the aortic root such as
transvalvular pressure gradient, and valve orifice diameter, but also significantly
changes the coronary artery flow rate and accordingly, the wall shear stress on
the coronary artery wall. These changes in the hemodynamic parameters inside
the coronary artery weakens the wall of the coronary arteries and results in
initiation of coronary artery atherosclerosis.

The effect of the locations of the coronary artery ostia (distal, middle, and
proximal) on the hemodynamic parameters within the aortic root was
investigated. It was shown that transvalvular pressure gradient and valve orifice
dimeter are highly dependent on the locations of the coronary artery ostia. For
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instance, a healthy valve with a proximal coronary artery has a smaller valve
orifice diameter compared to that with a distal coronary artery. Furthermore, the
effect of the different locations of the coronary artery ostia on the aortic valve
hemodynamics in the presence of aortic valve stenosis was also investigated. It
was shown that a stenosed aortic valve with a proximal coronary artery has the
smallest valve orifice diameter and is therefore more prone to calcification over
time.

It is believed that aortic valve and coronary artery stenoses are interdependent.
This is why the presence of coronary artery stenosis on the sinus vortex structures
was investigated in this study. It was shown that the sinus cavity of a healthy
valve with healthy coronary arteries experiences greater levels of flow vorticity
compared a healthy valve with stenosed coronary arteries. This means that the
blood flow in the sinus cavity of a healthy valve with healthy coronary arteries,
is guided in such a way that any accumulation are washed out of the sinus cavity
more efficiently than for the sinus cavity of a healthy valve with stenosed
coronary arteries. Furthermore, it was found that the leaflets of a healthy valve
with a stenosed coronary artery experiences less wall shear stress compared to a
healthy valve with healthy coronary arteries. This means that the leaflets of a
healthy valve with stenosed coronary arteries is more prone to calcification over
time.

A validated numerical FSI model of the aortic valve was developed which is able
to predict the distribution of the wall shear on the leaflets for both healthy and
stenosed valves. It was found that a severely calcified valve witnesses a lower
range of wall shear stress on the leaflets with higher probability of having lower
wall shear stress on the leaflets. Furthermore, the probability density function of
the wall shear stress on the leaflets for valves with proximal, middle, and distal
coronary artery ostia were investigated. It was found that a severely calcified
valve with proximal coronary ostia experiences the least wall shear stress on the
leaflets with highest probability of having smallest wall shear stress.

It is worth mentioning that the results provided in the current thesis has elucidated
clinical observations whether the geometrical properties such as the locations of
the coronary artery ostia, coronary artery stenosis are correlated with the
initiation/progression of the aortic valve calcification.

7.2 Future work

The 2D FSI model of the aortic valve leaflets developed in this study is able to predict
the wall shear stress distribution on the leaflets and the hemodynamic variation inside the aortic
root and coronary arteries. This high fidelity model can be used by other researchers with the
following suggested topics for future research:

¢ The present model can be extended to 3D simulation of the aortic valve leaflets

considering the coronary arteries. The extended model could then be used to
predict the wall shear stress on the left and right coronary cusps (RCC & LCC)
as well as the non-coronary cusp (NCC). Furthermore, the sinus vortex structures
corresponding to each sinus (i.e. left, right and non-coronary sinuses) can be
analysed and correlations with the wall shear stress on the leaflets can be
compared.

¢ As the leaflets of the aortic valve have nonlinear hyperelastic and viscoelastic

material properties, the effect of the hyperelasticity and viscoelasticity of the
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leaflets on the wall shear stress on the leaflets can be modelled. This was not
explored in this thesis.

¢+ There are a number of congenital diseases associated with the aortic valve such
as abnormality of the leaflets (bicuspid aortic valve) which can be modelled. The
effect of the abovementioned abnormality on the hemodynamic parameters
inside the aortic root can be investigated.

+« The influence of the aortic stiffness on the performance of the aortic valve, aortic
valve closure and ejection times, sinus washout time can be investigated. This
would address a current gap in the knowledge regarding the effect of the aortic
stiffness on the sinus vortex structure and its correlation with calcific aortic valve
diseases.

«» The effect of aortic valve stenosis on the flow rate and the hemodynamic
parameters inside both ascending and descending aorta can be studied. The
influence of coarctation of the aorta on the sinus flow patterns, the wall shear
stress distribution on the aortic valve leaflets, flow rate profile inside the
coronary artery, and the wall shear stress on the walls of the coronary arteries is
still unknown.

% The correlation between calcification of the aortic valve and the aortic stiffness,
as well as, the flow rate in the ascending and descending aorta is not well
understood. It is still unknown whether the aortic stiffness changes the wall shear
stress distribution on the aortic valve leaflets as well as the hemodynamics of the
coronary artery.
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Fluid structure interaction analysis of a calcified aortic valve
A. R. Kivi, N. Sedaghatizadeh, M. Arjomandi, A. Zander, B. Cazzolato
School of Mechanical Engineering, the University of Adelaide, Adelaide, SA, 5005

A fluid structure interaction model of the aortic valve leaflet is developed in order to
study the effect of the leaflets stiffening on transvalvular pressure gradient and valve orifice
diameter. The influence of the thickness of the leaflets because of the calcification on aortic
valve hemodynamic is studied. It is found that the thicker is the aortic valve leaflets, the less is
the valve orifice diameter, and the higher is the transvalvular pressure gradient.

The details of the methodology, supporting evidence and data are presented and
explained in the following section. This chapter consists of the published conference paper:

Paper accepted in AFMC conference: A. R. Kivi, N. Sedaghatizadeh, M. Arjomandi, A.
Zander, B. Cazzolato, Fluid structure interaction (FSI) analysis of a calcified aortic valve,
215t Australasian Fluid Mechanics Conference, 2018 Adelaide, Australia.

140



Statement of Authorship

Title of Paper

Fluid structure interaction (FSI) analysis of a calcified aortic valve

Publication Status

¥ Published ™ Accepted for Publication

Unpublished and Unsubmitted w ork w ritten in

I™ Submitted for Publication manuscriot style

Publication Details

A. R. Kivi, N. Sedaghatizadeh, M. Arjomandi, A. Zander, B. Cazzolato, Fluid structure
interaction (FSI) analysis of a calcified aortic valve, 21 Australasian Fluid Mechanics
Conference, 2018 Adelaide, Australia.

Principal Author

Name of Principal Author (Candidate)

Araz R. Kivi

Contribution to the Paper

Developed Ideas and Concepts

e  Conducted a comprehensive literature review

° Developed the ideas and concepts based on the gaps of the knowledge in the field
Performed the Modelling

° Developed an aortic valve model in ANSYS workbench software

e  Developed an appropriate udf code to defined boundary conditions

e  Simulated the dynamic behaviour of the aortic valve leaflets

e Validated the simulated model with the experimental data
Interpreted Results

. Extracted raw data from simulation

° Post processed the data using CFD post and MATLAB

e Developed a MATLAB code to extract the averaged data

. Interpreted the results and compared them with the experimental results
Wrote the Manuscript

° Solely developed first full draft of the manuscript

e  Applied comments given by co-authors

e  Responsible for revising the manuscript after review

e Acted as the corresponding author

Overall percentage (%)

Co-Author Contributions

Certification: This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary author of this paper.

Signature Date 29/01/2021

By signing the Statement of Authorship, each author certifies that:

Xiii. the candidate’s stated contribution to the publication is accurate (as detailed above);
Xiv. permission is granted for the candidate in include the publication in the thesis; and
XV. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Nima Sedaghatizadeh

Contribution to the Paper

Supervised the work and provide feedback on the manuscript.

Signature

Date 29/01/2021

141




Name of Co-Author

Maziar Arjomandi

Contribution to the Paper

Supervised the work and provide feedback on the manuscript.

Signature

Date 29/01/2021

Name of Co-Author

Benjamin S. Cazzolato

Contribution to the Paper

Supervised the work and evaluated the manuscript.

Signature

Date 29/01/2021

Name of Co-Author

Anthony C Zander

Contribution to the Paper

Supervised the work, and provide feedback on the manuscript.

Signature

Date 08/02/2021

Please cut and paste additional co-author panels here as required

142




Appendix A: Fluid structure interaction analysis of a calcified aortic valve

Abstract

Aortic valve stenosis is one of the most common cardiovascular diseases. The stenotic
aortic valve is formed by calcium deposition on the fibrosa layer of the aortic-valve leaflets. In
general, a stenotic valve cannot operate properly leading to additional pressure on the heart and
consequently its failure over time. The calcified aortic valve affects the flow pattern in the
aortic root, the wall shear stress on the valve leaflets and hemodynamic parameters such as the
transvalvular pressure gradient, and the valve orifice area. A stenotic aortic valve is usually
detected by measuring the hemodynamic parameters using echocardiography, which has
associated with substantial errors due to its nature. Computational fluid dynamics is an
alternative technique to calculate the hemodynamic parameters and accordingly help
cardiologists to predict the aortic valve stenosis. To do this, the computational fluid dynamic
models of the aortic valve are generated using medical images from the patients. These models
are able to provide detailed information from the fluid flow parameters and also precise data
from the hemodynamic parameters. These precise calculations enable engineers to detect the
aortic-valve stenosis. To date, computational fluid dynamic models have not taken into account
the interaction between the fluid and structural domains. Fluid structure interaction modelling
methodology has been used to obtain more accurate results by considering the interaction
between the flowing blood and deformable aortic-valve leaflets. The aim of this paper is to
investigate the effect of calcification of the aortic-valve leaflets on the flow pattern and
hemodynamic parameters such as transvalvular pressure gradient and valve orifice area based
on fluid structure interaction modelling methodology using ANSYS. The geometry has been
developed in ANSYS Workbench based on echocardiography images available in the
literature. A pulsatile inlet velocity extracted from Doppler velocity measurement data in the
literature has been used as an inlet boundary condition. For modelling the turbulent flow
downstream of the leaflets, the k-w SST turbulence model was used. For comparison, both
healthy and calcified aortic valves were modelled and analysed. Results show that the
transvalvular pressure gradient increases from 769 Pa for the healthy aortic valve to 2356 Pa
for the calcified one. Furthermore, there is a significant decrease in the valve orifice diameter,
from 13.5 mm for the healthy aortic valve leaflets to 9.21 mm for the calcified one. It was also
shown that the wall shear stress on fibrosa and ventricular layers of the leaflets are significantly
changed as a result of change in the thickness and material properties of the leaflets. Averaged
wall shear stress on the ventricular surface increases from 16.3 Pa for the healthy case to 23.8
Pa for the calcified aortic valve. For the fibrosa surface, it decreases from 3.42 Pa for the
healthy leaflets to 1.53 Pa for the calcified one.

Introduction

The aortic valve is a unidirectional valve located between the left ventricle and aorta. It
opens during the ventricular systole allowing the oxygenated blood to be pumped from the
heart to pass through the aortic valve and enter the aorta. At the ventricular diastole, when the
valve closes it prevents blood from flowing back to the heart. The calcification of the aortic-
valve leaflets is one the most prevalent diseases particularly among adults over 65 years old
[2]. The calcification prevents the aortic valve leaflets from opening and closing appropriately,
resulting in aortic valve stenosis. The stenotic aortic valve increases the velocity of the blood
in the valve orifice and results in an increased transvalvular pressure gradient and accordingly
higher heart attack risk [1].

Doppler echocardiography is the most common diagnostic method for detection of aortic
valve stenosis via measuring the jet velocity, effective orifice area (EOA) and transvalvular
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pressure gradient (TPG). However, determining the TPG and EOA via echocardiography has
associated significant errors due to the assumed constant axial velocity along the jet orifice area
[2]. Computational fluid dynamic (CFD) models generated from medical images are an
alternative, and can provide detailed information on the fluid flow parameters. Using this
information enables engineers to calculate the hemodynamic parameters such as TPG and valve
orifice area (VOA) and accordingly diagnose aortic valve stenosis. Various studies have
investigated the blood flow pattern and determined the hemodynamic forces on the valve
leaflets during the systolic phase [4-5]. The effect of fluid flow on dynamical motion of the
leaflets has also received attention, recently. A 3D aortic valve model has been presented by
Weinberg et al. [4]. They have investigated the influence of the calcification on the dynamical
motion of the aortic-valve leaflet using LS-Dyna. According to their results, there is a relation
between the valve calcification and aging. Halevi et al. [5] studied the effect of calcification on
valve orifice area via CFD. They used individual patient MRI images to generate 3D models
of the aortic valve. They utilised ABAQUS to analyse the dynamical motion of the leaflets.
They showed that the valve orifice area decreases with calcium deposits present on the leaflets.
The effect of leaflet movement on the fluid flow has been neglected in these studies.

To investigate the complex dynamic motion of the aortic valve leaflets, taking into
account the interaction between the blood flow and the movement of the leaflets, the fluid
structure interaction (FSI) approach was applied by De Hart et al [6]. In a more recent study by
Halevi et al. [7], the influence of calcification on the hemodynamics of the aortic valve using
3D FSI models was reported. They used ABAQUS for modelling the structural part and Flow
Vision for simulating the fluid part. Fedele et al. [3] implemented an analytical FSI modelling
approach using moving resistive immersed implicit surfaces. The same FSI approach was used
to investigate the aortic valve dynamics. In another work, Vahidkhah et al. [8] investigated the
formation of blood stasis on prosthetic aortic valves using a 3D FSI mathematical model. As
an alternative approach to mathematical modelling, Amindari et al. [9] utilised ANSYS for
modelling a 2D aortic valve. They demonstrated the effect of calcification on TPG and VOA
due to changing material properties of the valve leaflets.

In this study, the effect of calcification on the hemodynamic parameters of the aortic
valve has been investigated taking into account both changes in the thickness and material
properties of the leaflets. Using echocardiography images available in the literature [9], a 2D
model of the aortic valve has been generated in ANSYS Workbench 18.2. ANSYS FLUENT
and ANSYS MECHANICAL APDL were selected to solve the fluid and structural part,
respectively. The System Coupling FSI Module in ANSYS Workbench was used to link the
fluid and structure fields. The combined effect of the changes in the thickness and material
properties of the aortic valve leaflets due to the calcium deposition on the hemodynamic
parameters has been investigated.

Numerical Modelling

Figure A. 1 shows a two-dimensional model of the aortic valve, aortic root, sinuses, and
leaflets implemented in ANSYS Workbench 18.2 from echocardiography images available in
the literature [9]. To apply FSI in the simulation, the model is divided into three sections: fluid
domain, structure domain, and FSI surfaces. In the fluid domain (Figure A. 1) the blood is
assumed incompressible and Newtonian with a constant density and viscosity of 1060 kg/m®
and 0.0035578 J/s, respectively [9-10]. A velocity inlet boundary condition is defined at the
inlet of the aortic valve. The velocity inlet has a pulsatile profile as measured by LaDisa et al.
[10] using Doppler technique (Figure A. 2). The outlet boundary condition is considered as a
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pressure outlet. An unstructured mesh was used in the fluid domain based on sweep method,
with 9952 prism elements and maximum skewness of 0.52 (as shown in Figure A. 3).

Sinuses
»>

Qutlet

Inlet

/7 S

/ / h ) D -
V4
Flexible Leaflets = Rigid Wall

Figure A. 1 Schematic view of the aortic root with flexible leaflets, inlet, outlet and sinuses, and aortic
wall.

The material properties of the leaflets are assumed to be isotropic and elastic with a
density of 1050 kg/m® and a Young modulus of E=2 MPa for the healthy aortic valve leaflets
and E=10 MPa for the calcified one [11-12]. The Poisson’s ratio of the leaflet is assumed as
0.3 [9]. For the structure domain a total of 120 tetrahedral elements with a maximum skewness
of 0.43 are used. The blood forces the leaflets to move inside the fluid domain. The surfaces
between the blood and leaflets are hence defined as fluid structure interaction surfaces.

Velocity (mm/s)

200

o \os 1 s 2 |23 )

-200 Time (s)

Figure A. 2 Inlet transient velocity profile applied to the inlet surface of the model (only a single cycle
is considered in this paper)

Due to the application of the pulsatile velocity profile at the inlet of the aortic valve it is
expected to exhibit turbulent flow downstream of the leaflets at peak systole at the maximum
Reynolds number of around 4766. Hence, to obtain reliable results taking into account the
separation and circulatory flow behind the leaflets, the k-w SST turbulence model was utilised.
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Due to the limitation of the 1-way uncoupled approach in FSI simulation of highly coupled
fluid and structure domains, in particular when it is applied to flexible biological tissues [13],
a 2-way coupled implicit approach is used to analyse the fluid structure interaction simulation

of the aortic-valve leaflets.

25cm —»

Inlet
Outlet

1.6 cm _>;

Figure A. 3 Schematic view of the fluid domain mesh and accompanying boundary conditions

Validation of the Model

To validate the model, the maximum jet velocity, transvalvular pressure gradient, and
valve orifice area at peak systole of healthy and calcified leaflets are compared with the

published data of Amindari et al. [9].

Table A. 1 Maximum jet velocity, valve orifice area, transvalvular pressure gradient for healthy and
calcified models

Aortic valve TPG (Pa) VOA (mm) MJV (m/s)
Healthy (thickness=0.6mm, E=2 MPa) 769 (633[9]) 13.5 (14[9]) 1.59 (1.57[9])
Calcified (thickness=1mm, E=2MPa) 1854 10.8 1.92
Calcified (thickness=1mm, E=10MPa) 2356 9.21 2.32

Results and Discussion

The velocity contours for a healthy aortic valve during the systolic phase are shown in
Figure A. 4. As shown in Figure A. 4, for the healthy aortic valve, the velocity reaches the
maximum velocity jet flow (V=1.59 m/s) at the valve orifice during the systole. Near the
ventricularis surface of the aortic valve leaflets at peak systole, the velocity profile is
significantly increased (shown with arrows in Figure 5) while inside the jet orifice area the
velocity contours do not change significantly. As a result, the velocity gradient near the
ventricularis surface causes the high wall shear stress (WSS) on these surfaces. The WSS
difference between the ventricularis and fibrosa layers of leaflets is one of the main reason for

calcification of the aortic valve leaflets [9].
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(a) t=0s (b) t=0.03s (c) t=0.06s
(d) t=0.09s (e) t=0.12s (f) t=0.15s

1.59 m/s

0w | |
Figure A. 4 Velocity contours of the healthy aortic valve during cardiac cycle.

0 I [ = 1.59 m/s

Figure A. 5 Velocity contour of the healthy aortic valve at t= 0.15s; arrows show a significant
increase in the velocity near ventricularies layer.

The velocity streamlines of the healthy aortic valve with Young’s modulus E=2MPa is
depicted in Figure A. 6 during the cardiac cycle. The vortices are created behind the sinuses
because of the flow separation at the tip of the leaflets. As seen, the vortices move from behind
the sinuses at peak systole toward the end of sinuses at the end of systole and grow during the
systolic phase. It is worth mentioning that the shape and location of the vortices are affected
by the opening angle of the leaflets and the parameters of the flow during the cardiac cycle.
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@) t=0s (b) t=0.03 s (c) t=0.06 s

0 1.59 m/s
HE T TE.
Figure A. 6 Velocity streamlines of the model of the healthy aortic valve during systole phase

Figure A. 7 shows the velocity streamlines of the model during the diastole phases. As
seen, the vortices become larger downstream of the leaflets (shown with black arrows) and start
disappearing during the diastole phases. It is worth mentioning that the flexible leaflets start
oscillating during the diastole phases because of the pressure difference between the left
ventricle and aorta. At the same time, because of the oscillation of the leaflets, two other
vortices are created and become larger on the rear of the sinuses (shown with red arrows). At
the end of diastole at t= 0.27 and t= 0.35, two different vortices, one with smaller size behind
the leaflets (in ventricularis surfaces) and another with larger size (near the outlet) are created,
respectively (shown with blue arrows).

(a) t=0.15s (b) t=0.18s (c) t=0.21s

(d) t=0.24s

Y

1.59 m/s

Figure A. 7 Velocity streamlines of the model during diastole phase.
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Figure A. 8 depicts the velocity streamlines for healthy (Figure A. 8 a) and calcified
(Figure A. 8 b and Figure A. 8 c) aortic valve leaflets. As explained, because of calcium
deposition on the leaflets over time, they thicken and stiffen. The effect of the calcification on
the valve orifice diameter is represented in Figure A. 8 (b) and (c). As seen, the thickened
leaflets (Figure A. 8 (b)) have smaller valve orifice diameter (10.8 mm) in comparison with
the healthy one 13.5 mm. Calcium deposition not only changes the thickness of the aortic valve
leaflets, but also increases the elastic modulus of the leaflets. For the calcified aortic valve with
higher thickness and Youngs modulus (thickness=1mm, E=10MPa), the valve orifice diameter
is the smallest one at 9.21 mm. It is worth noting that the shape, location, and strength of the
vortices for the calcified leaflets differ to the healthy one.

(@)

0 mEm = 2.32 m/s

Figure A. 8 Velocity streamlines at peak systole for (a) healthy (E=2MPa, thickness=0.6mm), (b)
calcified (E=2MPa, thickness= 1mm), (c) (E=10MPa, thikness=1mm).

As shown in Figure A. 8, the size of the vortices for the calcified aortic valve are bigger
than those of the healthy one. The fluid flow for the healthy aortic valve near the annulus and
behind the sinuses are stronger than calcified ones. This shows that calcification changes the
shape of the flow behind the sinuses particularly along the base of the leaflets. Furthermore,
the calcification changes the transvalvular pressure gradient. As shown in Figure A. 9, the TPG
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for the healthy valve is around 769 Pa, while for the calcified aortic valve with higher thickness
is around 1854 Pa, and for the stiffened one is 2356 Pa, respectively.

(@) (b) (©)

0 i 2356 Pa
Figure A. 9 Pressure contours of the healthy and calcified models of the aortic valve at peak systole.

Conclusion

In this study the influence of calcification of the aortic-valve leaflets on the hemodynamic
parameters such as TPG, VOA, and flow pattern have been investigated via FSI simulation.
The velocity contours and streamlines for healthy and calcified aortic valves have been
demonstrated during cardiac cycle. Streamlines show that the wall shear stresses are higher
near the ventricularis surface of the aortic valve at peak systole; the differentiation between the
WSS of ventricularis and fibrosa layers is one the main reason for calcium deposition.
Moreover, the circulatory flow is created behind the sinuses because of the complex geometry
and flow separation on the leaflet tips. The generated vortices in the upper sinuses rotate clock
wise whilst the one in the lower sinuses rotates in the opposite direction. Simulation results
reveal that valve orifice area decreases from 13.5 mm (opening ratio of 84%) for the healthy
valve to 9.21 mm (opening ratio of 48%) for the calcified one because of the calcification. The
TPG at the peak systole increases from 769 Pa for the healthy aortic valve to 2356 Pa for the
calcified one. Furthermore, the size and location of the vortices have changed in the calcified
aortic valve. The size of the vortices of the calcified valve are observed to be bigger compared
to the healthy one.
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Calcification Effect on the Wall Shear Stress Distribution of the
Aortic Valve Leaflets
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A fluid structure interaction model of the aortic valve leaflet is developed in order to
study the effect of calcification accompanied with the different diameter of the sinuses on wall
shear stress of the aortic valve leaflets as well as sinus flow patterns. The model is validated
against the experimental data collected from the in-house in-vitro experimental test. The
transvalvular pressure gradient and aortic flow rate obtained from the simulation are compared
with that of extracted from the experimental measurements. The results show that a severely
calcified valve with smallest sinus dimeter ratio witnesses higher trasnvalvular pressure
gradient. Furthermore, wall shear stress on the leaflets of a valve with smaller sinus diameter
ratio, is lower compared to that of with bigger sinus diameter ratio.

The details of the methodology, supporting evidence and data are presented and
explained in the following section. This chapter consists of the published conference paper:

Paper accepted in AFMC conference: A. R. Kivi, N. Sedaghatizadeh, B. Cazzolato, A.
Zander, R. Roberts-Thomson, Adam Nelson, M. Arjomandi, Fluid structure interaction
(FSI) analysis of a calcified aortic valve, 22" Australasian Fluid Mechanics Conference,
2020 Brisbane, Australia.
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Abstract

Wall shear stress on the aortic valve leaflets has been the main factor for the initiation
and progression of calcific aortic valve disease (CAVD). This study aims to investigate the
effects of leaflets stiffening and sinus diameter on sinus vortex structures, wall shear stress
distribution on aortic valve leaflets as well as its correlation with CAVD. A two-dimensional
fluid-structure interaction (FSI) model of healthy aortic valve leaflets was developed based on
echocardiography images available in the literature. The turbulent flow downstream of the
leaflets was considered in the model using k — w turbulent model. Results show that leaflets
stiffening not only affects hemodynamic parameters within the aortic root such as transvalvular
pressure gradient (TPG), jet velocity along with the valve, and valve orifice diameter but also
has a significant effect on sinus vortex structures and wall shear stress distribution on the
leaflets. The results demonstrate that severely calcified aortic valve witnesses lower ranges of
shear stress on the leaflets during the systole and diastole (ranging from -0.5 to + 0.5 Pa for the
systole and -0.1 to + 0.2 Pa for the diastole) with higher probability compared to those of with
healthy valve which ranges from -1.5 to +2 Pa and -0.55 to + 0.55 Pa during the systole and
diastole, respectively. It is also showed that wall shear stress on the leaflets is highly dependent
on the diameter of the sinuses.

Introduction

The vortical structures formed inside sinus is one of the most important flow features
which affects aortic valve hemodynamic and its performance [1]. It is now confirmed that sinus
vortical structures affect the opening and closing mechanism of the aortic valve leaflets [2]. It
is also showed that the presence of vortical structures inside sinus has an impact on sinus
washout mechanism [3] and the overall performance of the aortic valve [4, 9]. The
experimental study carried out by Toninato et al. [2] on the effects of sinuses, showed that
vortices generated downstream of the leaflets for the aortic valve model in the presence of
sinuses enhances ejection and closing time compared to that of with the model without the
sinuses. Recently, Hatoum et al. [5] also showed that the influence of sinus flow pattern on
transcatheter aortic valve replacement (TAVR) operation and the likelihood of leaflets
thrombosis occurred after TAVR due to the poor washout mechanisms.

Coronary artery flow also has an impact on sinus vortex structures [6], wall shear stress
on the leaflets [7], and sinus washout mechanism [8]. Recently, Moore et al. [10] carried out
an experiment showing that the leaflets corresponding to the coronary sinus open 10% more
than that of associated with the non-coronary sinus leaflet. Wald et al. [11] studied that the
effect of the aortic valve stenosis on coronary artery flow. They showed that aortic valve
stenosis affects sinus vortex structures and accordingly has an impact on coronary artery flow.
They demonstrated that aortic valve with a severe degree of stenosis witnesses lower coronary
blood flow compared to that of with healthy valve.

Stenosis of the aortic valve has an impact on aortic valve hemodynamic and plays an
important role in the initiation and progression of CAVD [12]. Although it is believed that
lower shear stress on the leaflets has an impact on the initiation and progression of the
calcification, it is not yet well understood how CAVD initiates and progresses [9]. For example,
Hatoum et al. [13] investigated the effects of the presence and absence of coronary arteries on
wall shear stress distribution on the leaflets. They demonstrated that the leaflets of the
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bioprosthetic valve with coronary artery ostia experience higher ranges of wall shear stress
compared to that of in the absence of coronary artery ostia.

In the present study, the influences of leaflets stiffening and sinus diameter on
hemodynamic parameters within the aortic root, sinus vortex structures and the probability
distributions of the wall shear stress on the leaflets were studied. A two-dimensional FSI model
of a healthy aortic valve was developed using ANSYS Workbench 19.2 based on
echocardiography images available in the literature. The turbulent flow downstream of the
leaflets was considered using k — w turbulent model. An in-vitro experimental campaign was
designed to validate the presented computational model. The probability distribution of wall
shear stress on aortic valve leaflets corresponding to a healthy, calcified, and severely calcified
aortic valve with taking in to account different diameters of the sinus were calculated and
compared.

Numerical Modelling

A 2.5D FSI model of a healthy aortic valve was developed in ANSY'S workbench 19.2.
The geometry of the domain and flow parameters were selected based on the available
echocardiography images of a 27-year-old subject (shown in Figure B. 1 c) presented in the
literature [8]. The numerical model includes two different domains: structure (flexible leaflets)
and fluid (blood flow) domains. A two-way coupling FSI model was utilised to account for the
interaction and momentum exchange between the fluid and solid domains. The different
regions of the fluid domain including inlet, outlet (coronary and aorta), and blood flow are
illustrated in Figure B. 1 a. Figure B. 1 b shows the mesh structure in the developed model for
a healthy valve based on the echocardiography images shown in Figure B. 1 c.

The blood is considered as a Newtonian, isothermal, incompressible fluid with a constant
viscosity and a density of 0.0035578 Pa.s and 1060 kg/m?, respectively [7]. The sweep method
was used to generate an unstructured mesh for the fluid domain along the thickness with
approximately 10,000 prism elements. As shown in Figure B. 1 b, a finer mesh is adapted near
the leaflets to accurately model the flow highly affected by these surfaces. A sensitivity analysis
was carried out for pressure and velocity for two grid sizes of 10,000 and 14,000. Based on the
results, only a 2% difference between the calculated parameters was observed when the number
of elements increased from 10,000 to 14,000, while the computation time increased by about
40%. Hence, it was deemed that the mesh size 10,000 is sufficient to obtain accurate results.
Generally, the size of the elements throughout the domain were reduced with the focus on
refining the mesh in the areas where the gradient is the largest such near the leaflets’ wall and
entrance of coronary arteries. For both elements size, k — w SST turbulence model was used
to model the turbulent flow downstream of the leaflets in which criteria for near wall treatment
were addressed.
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Figure B. 1 Schematic view of (a) healthy aortic valve with flexible leaflets, sinuses, and flow
directions for the inlet and outlets (b) fluid domain mesh with dimensions of the aortic root (c)
echocardiography images from a healthy aortic valve [8].

Two sets of boundary conditions were applied at the inlet and outlets. At the ventricular
side (inlet), a physiological velocity profile obtained from Doppler echocardiography [8] was
applied as the boundary condition. At the coronary artery outlets, a transient pressure profile
was considered as the outlet boundary condition. This boundary conditions profile obtained
from the collected clinical data of the average coronary flow [7]. To extrapolate the required
information from the interior domain, the outflow boundary condition was considered at the
outlet of the aorta. The walls of the sinuses were assumed to be rigid. To investigate the validity
of this assumption, a sensitivity analysis was carried out on the pressure and velocity
components for two different models; one model with flexible leaflets and sinus walls, and
another model with flexible leaflets but solid sinus walls. Results show that there is only 0.1%
difference between the calculated parameters when the sinus walls change from solid to flexible
while the computation time was increased by about 20%; hence it was decided to consider the
model with flexible leaflets and solid sinus walls in this study.

The structural domain of the model consists of two flexible leaflets which move as they
are exposed to blood flow. The leaflets are assumed to be isotropic with a density of 1060
kg/m3, Poisson’s ratio of 0.3 and Young’s modulus of 2 MPa [6]. It is considered that calcium
is uniformly distributed on the leaflet layers. The Young’s modulus for the calcified and
severely calcified cases are set to be 10 MPa, and 20 MPa, respectively [8]. ANSYS
Mechanical APDL was used to solve the equations of the motion of the leaflets and find the
dynamic responses, stresses and strains of the leaflets based on the Newmark time integration
method. The mesh used for the leaflets was generated using the sweep method comprising 120
quadratic tetrahedral elements with a minimum of two elements through the thickness. To
satisfy the mesh independency requirement, constant pressure was applied to the leaflets and a
mesh convergence study was carried out at steady state. Results show that the accuracy of the
solution does not change for the models with more than 100 tetrahedral elements and with a
maximum skewness of 0.43. In the present study, the ANSYS coupling module was used to
model the interaction between the flexible leaflets and the blood flow.
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Experimental Setup

An in-vitro experimental campaign was designed to validate the presented computational
model. Figure B. 2 shows the experimental test rig containing (1) a controllable in—house piston
pump which can produce physiological aortic flow profile, (2) and (4) a pressure sensor
(OMEGA PX319 silicon pressure sensor) to measure the pressure before and after the
bioprosthetic valve to calculate the transvalvular pressure gradient, (3) a 21mm Edwards Intuity
(Edwards Lifesciences, Irvine, California) bioprosthetic aortic valve mounted inside a silicon
based sinus chamber, (5) a flow meter (OPTIBATCH 4011C) which is used to measure the
physiological aortic flow rate, (6) a compliance chamber used to add resistance to the aortic
flow and create appropriate backflow during the diastole, (7) resistance valve, (8) fluid
reservoir, (9) computer, power supply and DAQ card (NI USB-6211).

N N

Figure B. 2 Experimental test setup: (1) in-house controllable piston-pump, (2) ventricle pressure
sensor, (3) bioprosthetic aortic valve mounted inside silicon based sinus chamber, (4) aortic pressure
sensor, (5) flow sensor, (6) compliance chamber, (7) resistance valve, (8) fluid reservoir, (9)
computer, power supply and DAQ card.

Figure B. 3 a shows the schematic view of the experimental test rig including all the parts.
Figure B. 3 b shows the test section including pressure sensors (measuring left ventricle and
aorta pressures) and a bioprosthetic aortic valve mounted into the silicon based sinus chamber.
The working fluid is a mixture of 40% glycerine and 60% distilled water by mass fraction
based on the literature [12, 13] which was used to mimic the viscosity and density of the blood.
Mach3 software was used to control the in-house controllable piston-pump in order to reach
the physiological flow rate profile. The pressures before and after the valve were measured
using two pressure sensors (OMEGA PX319 silicon pressure sensor) to ensure physiological
conditions. Flow and pressure measurements were recorded in LabVIEW at least for 50 cycles.
The measured aortic flow rate is compared to that of extracted from the computational model.
As can be seen in Figure B. 4, there is a good agreement between the computed and measured
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aortic flow rate. The TPG corresponding to a bioprosthetic valve used in the experiment is
measured (658.32) and compared with that of computed by the model (633 Pa). It is worth
mentioning that there is only a 4% difference between the TPG measured in experiment and
calculated TPG in FSI simulation.
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Pressure Aortic Valve
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Valve Flow meter
e ]
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Aortic Ventricular
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Aortic Compliance
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(b)

Bio-prosthetic Valve

valve mounted into sit dn
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Figure B. 3 (a) Schematlc view of the experimental test r|g (b) test section including two pressure sensors
and a bioprosthetic aortic valve mounted into silicon based sinus chamber.
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Figure B. 4 Flow rate profile along the aortic valve corresponding to FSI simulation (solid line) and
experimental measurement (solid triangles).

Results and Discussion

Figure B. 5 shows velocity streamlines for a heathy aortic valve during the cardiac cycle.
As shown, the valve opens during systole and allows blood flow through the aorta (shown in
Figure B. 5 a-c). During the diastole phase, it closes to prevent blood from flowing back into
the left ventricle. During the closure period, blood flows into the coronary arteries in order to
perfuse the myocardium (shown in Figure B. 5 d and e). The jet velocity along the aortic valve
reaches to its maximum, 1.65 m/s at peak systole (t=0.1s). While the maximum velocity inside
coronary arteries is around 1 m/s during diastole. As shown in Figure B. 5 b, the valve orifice
diameter is around 14.2 mm at mid systole. At mid systole, two main vortices generated inside
sinuses (shown in Figure B. 5 b with solid-line arrows); one is near the coronary artery ostia
and another is very close to the leaflets. These vortices grow in size during the diastole due to
an increase in the cavity area (shown in Figure B. 5 d with dash-line arrows).
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Figure B. 5 Velocity streamline (a-e) for a healthy aortic valve during the cardiac cycle.

The effects of leaflets stiffening on the valve orifice diameter are depicted in Figure B. 6
a-c. As shown, the valve orifice diameter decreases from 14.2 mm for the healthy aortic valve
to 9.6 mm for the severely calcified case. By contrast, the jet velocity increases from 1.6 m/s
for the healthy aortic valve to around 2.4 m/s for the severely calcified case. It is worth to
mention that leaflets stiffening not only affect hemodynamic parameters inside the aortic root
but also significantly changes sinus vortices. As can be seen in Figure B. 6, there are two main
vortices inside sinuses of the healthy aortic valve (shown in Figure B. 6 a). While, for the
calcified aortic valve, three main vortices occupy sinus cavity (shown in Figure B. 6 b); one is
near the coronary artery ostia, another one is very close to leaflets tip, and a very small vortex
is formed close to the base of the leaflet. For the severely calcified case, two small vortices
near the leaflets become one bigger vortex (shown in Figure B. 6 c). These vortices are shifted
toward leaflets tip and pressurising leaflets from opening and results in a decrease in valve
orifice diameter. It is also worth to mention that different sinus vortex structures and cavity
sizes associated with calcified and severely calcified aortic valve affect coronary artery blood
flow. The coronary artery blood flow velocity decreases from 1 m/s for the healthy aortic valve
to around 0.45 m/s for the severely calcified one (shown in Figure B. 6 a-c).
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Figure B. 6 Velocity streamline for (a) healthy (b) calcified and (c) severely calcified aortic valve at
peak systole.

The effect of sinus diameter accompanied by leaflets stiffening on TPG are depicted in
Figure B. 7. As can be seen, decreasing the diameter of the sinus increases the TPG. For
example, a healthy valve with 25 mm sinus diameter witnesses lower TPG (0.79 kPa) compared
to that of with 17.6 mm sinus diameter which has a TPG around 0.96 kPa. Furthermore, leaflets
stiffening significantly intensify increasing in TPG due to a decrease in sinus diameter. For
example, TPG corresponds to severely calcified aortic valve with 25 mm sinus diameter is
around 10.31 kPa, while that of with 17.6 mm sinus diameter is 14.5 kPa. These differences in
the TPG of the severely calcified valve with smaller and bigger sinus diameter is approximately
5 times more than that of which is experienced by a healthy valve with smaller and bigger sinus
diameter.
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Figure B. 7 Maximum transvalvular pressure gradient (TPGmax) for a healthy, calcified, and severely
calcified aortic valve with a various diameter of the sinuses Dsins=25, 20.8, and 17.6 mm
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The circulation strength inside the sinus cavity corresponding to a healthy, calcified, and
severely calcified aortic valve during the cardiac cycle is shown in Figure B. 8. As can be seen,
a dominant vortex inside sinus cavity for a healthy aortic valve is a CCW vortex with maximum
strength value of approximately 0.015 m?/s at early diastole. Whilst, for the severely calcified
case, a dominant vortex is a CW vortex with a negative value of -0.01 m?/s. These changes in
the value and direction of the dominant vortex can be explained by the presence of several
small CW vortices around the leaflets tip, base and sinus cavity of the severely calcified aortic
valve. Results show that sinus cavity of the severely calcified aortic valve witnesses lots of
small CW vortices which changes sinus vortex structures by dissipating the energy of the main
vortices.

The probability distributions of the wall shear stress on leaflets of a healthy, calcified and
severely calcified aortic valve for different diameter of sinuses are shown in Figure B. 9. As
seen in Figure B. 9 a, a severely calcified aortic valve with Dsinis=25 mm witnesses lower
ranges of wall shear stress on the leaflets during the systole (ranging from -0.5 to +0.55 Pa)
compared to that of with healthy case which is around -1.5 to 2 Pa. Furthermore, the less the
diameter of the sinuses, the lower is the wall shear stress distribution on the leaflets and the
higher is the probability of having lower shear stress on the leaflets.
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Figure B. 8 Circulation versus time inside the sinus cavity for a healthy, calcified, and severely
calcified aortic valve.
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Figure B. 9 Log scale probability density function of wall shear stress distribution on leaflets during
systole for healthy, calcified, and severely calcified aortic valve with a various diameter of the sinuses
(a) Dsinuis=25 mm (b) Dsinis=20.8 mm, and (c) 17.6 mm.
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Conclusion

In this study, the effects of leaflets stiffening and sinus diameter on aortic valve
hemodynamic, wall shear stress distribution on leaflets, and its association with CAVD are
investigated. The results show that a healthy valve with smaller sinus diameter experiences
more TPG compared to that of with larger sinus diameter and are more prone to be calcified.
Furthermore, a severely calcified aortic valve witnesses lower ranges of wall shear stress and
a higher probability of having smaller shear stress on the leaflets. It means that a severely
calcified aortic valve is in the risk of getting stenosed over time.
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