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Abstract

Fractional flow reserve (FFR) is a novel and clinically useful technique used in coronary
catheterization to measure pressure differences across coronary artery stenosis (narrowing, usually
due to atherosclerosis). It is considered now-a-days, as a gold standard to assess whether any
particular stenosis is responsible for inducible ischemia. Angiography can be used additionally for
the visual evaluation of the inner diameter of a vessel. In ischemic heart disease, identification of
narrowing of vessel for potential lesion is not straightforward and consumes a lot of time.
Fractional flow reserve on the contrary, provides a functional evaluation by measuring the pressure
decline caused by a vessel narrowing.

The main objective of the study is to calculate FFR non-invasively to help in the prognosis
of pressure drop of blood flow across stenosis. This will overcome the previously established
invasive procedures of calculating FFR normally done in cardiac catheterisation. The
exceptionality of this work undertakes modelling of non-Newtonian pulsatile blood flow. Present
work incorporates the modelling of 3D coronary artery using CT Angiography DICOM images
and simulation of non-Newtonian, pulsatile and non-pulsatile blood flows using computational
fluid dynamics (CFD).

The results show that the transient, non-Newtonian pulsatile blood flows give more
accurate results to mimic invasive FFR as compared to steady and transient non-pulsatile blood
flows. The correlation of results obtained from this study are 100% in agreement with those
obtained from invasive Angiography based FFR. We hope this non-invasive method will provide
new pathway as a tool for diagnosis and evaluation of the narrowing caused by stenosis is coronary

arteries.

Key Words: Cardiovascular Diseases (CVD), Coronary Artery Diseases (CAD), Computational Fluid
Dynamics (CFD), Finite Element Method (FEM), Computed Tomography Angiography (CTA), Digital
Imaging and Communications in Medicine (DICOM)
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CHAPTER 1. INTRODUCTION

Cardiovascular diseases (CVD) is the most alarming healthcare challenge in the world. It
has the highest mortality rate globally, with approximately 17 million deaths each year, which is
31% of all deaths worldwide and it is expected that these numbers will increase substantially in
the future [1]. Almost half of them are primarily attributed to coronary artery disease (CAD) [2]
which is characterized by plaque build-up within these arteries. A novel and potentially useful
technique which measures pressure differences across a stenosis' is the calculation of fractional
flow reserve (FFR) which is recognised as the main practice for the examination of CAD. Although
FFR has been found much better as compared to its substitutes in both cost [3, 4] and reliability
[5-7], its efficiency and success rate has been found to be still disputable [8].

1.1. Thesis Objective

This thesis aims at the calculation of FFR with the main objective being:

e Calculation of Fractional Flow Reserve (FFR) using CT Angiography images

The following objectives are expected to be met in order to achieve our main objective:
e Develop a methodology for the calculation of FFR non-invasively at low
computational expense
e Validate computational model of the patient specific coronary flows
e Develop pulsatile and non-pulsatile flows
e Simulate steady and transient blood flow

e compare the results

1.2. Motivation

Being a costly and sometimes an unnecessary procedure for the evaluation of pressure drop

across a stenosis, invasive procedure of the calculation of FFR has proven to be a headache for

! Stenosis: It is a narrowing section in an artery which causes a pressure drop of the blood flow
1



both the doctors and patients.

In a country like Pakistan where basic health facilities are compromised, coronary heart
diseases need to be treated on an immediate basis. Moreover, long waiting lists in government
hospitals can delay the procedure by 3 to 4 months and not everyone can afford the expenses of
private hospitals.

In the evolving field of personalized medicine, modern and unorthodox methods taking the
advantage of the evolution in artificial intelligence, medical imaging and computational fluid
dynamics are some generally believed to be the most challenging techniques to measure FFR. Non-
invasive calculation of FFR and CAD assessment depending upon physical calculations, is about
to revamping the existing procedures of clinical assessment by using modern techniques in
simulating the blood flow on patient-specific models.

My personal motivation for opting this topic for research is the use of the field of
computational fluid dynamics (CFD) in personalised healthcare. This technique will help to
understand the vascular system in a much better and more efficient way which in turn will help to
revolutionize the field of biomechanics.

The developed method will serve as a post-processing tool for the CT scans. Hence,
without going through a needless invasive procedure, the doctors will easily be able to suggest to

the patients an effective treatment plan like coronary angioplasty, stenting or a heart-bypass.

1.3. Outline

The rest of the thesis is organised in six chapters. CHAPTER 2 represents the different
theoretical topics from different fields of the relevance. CHAPTER 3 describes the
methodology employed in the development and simulation of computational models. The
results obtained from the CFD simulations are presented in CHAPTER 4. CHAPTER 5
explains the comprehensive discussion on methods and results. Finally, CHAPTER 6

recapitulates the summary of the work.



CHAPTER 2. LITERATURE REVIEW

Since the current project revolves around computational calculation of FFR using CT
angiography data, this chapter is going to build the necessary background required for this
research. This chapter includes a collection of topics relevant to assessment of FFR
computationally. Computational biomechanics is a multidisciplinary field including biology,
medicine fluid mechanics and dynamics, mathematics, imaging and computer technology and
modelling of coronary blood flows is of no exception.

This chapter is organised to present a group of topics related to discuss the applied
methods in this thesis. The first section represents the physiology which focuses on the basic
methods of coronary flow. Then basic fluid mechanics, computational fluid dynamics and
governing equations are explained. Finally, the overlapping of the physiology of coronary arteries

and fluid mechanics is explained, and mathematical modelling is developed.

2.1. Cardiovascular Disease

CVD involves heart and blood vessels and conditions affecting it. It includes the
accumulation and development of fatty acids inside the arteries (atherosclerosis). The exact cause
of CVD is unknown but there are lots of factors which may cause CVD i.e. High blood pressure,
smoking, high cholesterol, diabetes, inactivity, obesity, family history, age, diet, alcohol etc.

There are four main types of CVD

1. Coronary heart disease
This happens when the flow of oxygen-rich blood is blocked or reduced to
the cardiac muscle which may cause angina (commonly known as chest pain), heart
attack (suddenly blocked blood flow) and heart failure (heart suddenly stops
pumping the blood flow)
2. Stroke and Transient Ischemic Attack
Stroke is defined as the discontinued blood supply to a part of brain.
A transient ischemic attack (TIA or “mini stroke”) is the disrupted blood

supply to a part of brain temporarily



3. Peripheral Artery Disease
When the blockage of blood is in the arteries which supply blood to the
limbs
4. Aortic Disease
It is the group of conditions affecting the aorta. The most common aortic
disease is the aortic aneurysm in which aorta weakens and expands outwards which

may cause it to burst and cause life-threatening bleeding.

2.2. Coronary Artery Disease

CAD also known as coronary heart disease (CHD) is a group of diseases which involves a
reduced amount of blood flow to the heart muscles due to the accumulation of plaque in the arteries

of the heart. It also includes sudden heart failure.

Normal artery Artery with plaque build-up

Figure 1: A Normal & Stenosed Artery [9]

These heart walls are composed of the myocardium which is most of the heart muscle

tissue.
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Figure 2: Anatomy of coronary arteries [10]

2.3. Left Anterior Descending Artery (LAD)

The left anterior descending artery is the one of the two main branches of left coronary
artery. LCA takes oxygenated blood to anterolateral myocardium, apex and interventricular
septum. It supplies major proportion of the blood to the left ventricle (LV) which is approximately
45-55% of the blood. Therefore, it is considered to be the most critical and life-threatening artery.

Occlusion to this artery may cause widow maker infarction which may lead to death.

2.4. Computed Tomography Angiography (CTA)

In this technique, the vascular system inside the body is visualized i.e. vessels of the heart,
aorta, lungs, kidneys etc. Images are created to search for blockages, dissections (tearing of walls),
stenosis (narrowing in vessels) and aneurysms (dilations of the wall) by using a contrast agent

(adenosine or papaverine) into the blood vessels.



2.5. Invasive Coronary Angiography (ICA)

ICA 1is the cornerstone of diagnosis and treatment of the patients with significant or
unstable chest pain coronary artery disease (CAD). It is a medical imaging technique to visualize
the lumen or blood vessels to detect any significant stenosis. It is traditionally done by injecting a
contrast agent into the vessel which is administered by a catheter and imaging which is done by

fluoroscopy.

2.6. Fractional Flow Reserve (FFR)

Fractional flow reserve is a novel and potentially clinically useful technique used to
measure in coronary catheterization measure pressure differences across stenosis to determine the
likelihood of a pressure drop which impedes oxygenated blood to reach heart muscles (a condition
known as myocardial ischemia).

Fractional flow reserve is a patient-specific physiological index and it has been recognized
as a gold-standard for the assessment of stable CAD [6, 7]. The prognosis of the functional severity
of the stenosis in the coronary artery relies that how much the blood flow is obstructed.

During maximum blood flow, FFR is defined as the ratio of distal pressure to proximal

pressure across a stenosis. It is given by

FFR = Pa
= (1)

Where Pqis the pressure distal to the stenosis and Pp is the pressure proximal to the stenosis.

A value of FFR=0 means that the vessel is completely obstructed and a value of FFR=1
indicates a completely healthy artery. In clinical trial for DEFER studies, a cut-off point of 0.75
has been used [7].
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Figure 3: Measurement of Invasive FFR [11]

2.7. Computational Fractional Flow Reserve (FFRcr)

Computational fractional flow reserve is an emerging method to determine FFR by using
calculations instead of measurements. Knowledge of various fields like computer science, artificial
intelligence, medical imaging and computational fluid dynamics (CFD) are used for the simulation
of the blood flow in the coronary artery to calculate the pressure drop across stenosis. By using
these techniques from various dynamic fields, the clinical evaluation of FFR may evade the
invasive procedure of coronary catheterization for the benefit of patients, doctors and health
institutions, as it had been a headache for everyone. This is because these estimation procedures
are inexpensive as compared to invasive FFR. Hlatky et al. has described that calculating FFR
using CFD could decrease the costs by 30% while using to guide clinical examination procedures
and 12% drop in post analysis of results [4]. These outcomes are also reinforced by numerous other
researchers [3, 5].

While computing FFRcr, CT DICOM images of a patient’s heart are used to extract the 3D
geometry of the coronary artery. This process of extracting coronary artery from the patient based
DICOM CT scans is called segmentation. This 3D geometry is then induced to fluid dynamic
equations and CFD results are obtained for pressure and velocity. To ensure the similarity with
real blood flow, relevant patient-specific measurements are incorporated including some

assumptions. Finally, the results are estimated at specific locations in the coronary arteries.



2.7.1. Previous work on FFRcTt

The diagnosis and in virtual assessment of individual treatments have already been proven
valuable by applying the patient-specific mathematical models [8, 12]. Recent emerging imaging
and computing technologies have contributed a lot to the highly refined and sophisticated
computations in clinical procedures.

There are various research authorities around the world aiming to solve the encounters with

? calculation of FFR. Amongst them, the most successful are HeartFlow, Inc. from

in-silico
Stanford University, who have received FDA? approval for their FFRcr software to be used in
clinical procedures as a commercial diagnostic tool. After raising $100M funding, they have also
accomplished the level to be amongst the top 15 dealers in healthcare in 2016. However, FFRct
methods must overcome a lot of encounters in terms of viability and accuracy. In the HeartFlow
NXT trials [13], FFRct had sensitivity of 86%. Hence to increase the success of the clinical tools
to overcome false negatives, it is need of the hour to increase the sensitivity.

In FAST FFR trials, FFRct (FFRangio) has a sensitivity of 94% (95% CI, 88% to 97%) and
specificity of 91% (86% to 95%). [14].

With a sensitivity of 80% Zhang et al. have assessed time-averaged flows. They have
reported that working with pressure waveform, steady state marks a limitation [15]. But they have
not discussed the importance of assuming steady flow for the estimation of FFR. With an accuracy
of 88%, Tu et al. have achieved the simulation of 3D blood flows in 5 minutes. They have
identified severe lesions, but they have not discussed whether and how the steadiness condition is
contributing to FFR significantly. Morris et al. have achieved 97% accuracy by developing his
methods and models in signifying severe stenosis in 35 patients from University of Sheffield [16].
Significant computational cost is required to simulate the pulsatile flows in developing coronary
blood flows. Therefore, most research communities have agreed upon to develop stationary models
over cardiac cycles to calculate FFR by using average flows and pressure.

Huo et al. have reported a slight importance to time averaged calculations of pressure drop

across a stenosis focusing on the unsteadiness in in vitro experiments [17]. Mates et al. have

2 in silico: From Latin, “performed on a computer or via a computer”

3 FDA: Food and Drug Administration
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reported the quasi-steady behaviour of stenotic coronary flows in similar experiments [18].
Although both steady and unsteady computations are well established in presented FFRct
methodologies, none of the abovementioned studies explains their choice of insertion or omission
of pulsatility in their models.

The Fractional Flow Reserve versus Angiography for Multivessel Evaluation (FAME)
study evaluates the role of FFR in multivessel coronary artery disease [19].

A very limited studies can confirm that these results are also applicable to CFD simulations
for FFRct. The study by Bulant et al. [20] have published which reports the comparison of steady
and transient simulations and evaluating slight nonconformities in FFRcr. There is no research
material available except these which have fully described the importance of the assumption of

steadiness for the calculation of FFR in CFD simulations.

2.8. Coronary Blood Flow

Coronary arteries supply the myocardium with the oxygenated blood. The coronary arteries
immediately branch off from the ascending aorta after the aortic valve. The coronary blood flow
is the most distinguishing feature of the cardiovascular system as the blood flow is suppressed
during systole [21]. Therefore, the coronary blood flow is found to be maximum during diastole,
the relaxation phase of the cardiac cycle [22]. As the systolic pressure is considerably higher in
the Left ventricle (LV) than in the right ventricle (RV), the pattern of maximal blood flow is more
significant in LCA [23].
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Figure 4: Blood Flow during Diastole & Systole [24]
2.8.1. Resistance to the Flow

Coronary flow is positive when the pressure in the proximal part of the coronary artery
exceeds from the pressure in the distal part. In the human arterial system, the resistance to the
blood flow is located in the arterioles in general [25] while under the normal circumstances, the
contribution from the large coronary artery becomes negligible [22]. However, when a stenosis is
present, then the contribution to the total resistance cannot be undermined rather than it is taken as
significant. Young and Tsai have developed a formulae for the calculation of the pressure drop

when narrowing is present [26], based on in vitro experiments
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where Apand As are the original and stenosed cross-sectional area respectively. For a given

flow rate Q, eq becomes
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where Dy is the lumen diameter without stenosis [25].

2.8.2. Baseline Conditions

On average, the resting or baseline coronary flow rate is approximately 225 ml/min [23].
The coronary blood flow distribution between RCA and LCA depends greatly upon the physiology
of the coronary tree. The coronary arterial system may be right dominant of left dominant.
Approximately 60% of the coronary blood flow runs through LCA in a right dominant coronary
arterial tree; prevailing in 90% of the cases approximately. In the left dominant coronary tree, the

blood flow in LCA is about 80% of the coronary flow [27].

2.8.3. Hyperaemia

Hyperaemia is the state of the maximal coronary flow. It works to the increased demand of
oxygen by the myocardium. The arteriolar vasodilation, an auto-regulated expansion of the
coronary arterioles, causes an increased blood flow by decreasing the peripheral resistance [28].
Hyperaemia can be triggered through exercise or by using the pharmacological agents.

Adenosine is a commonly used while measuring invasive FFR. It is difficult to estimate
hyperaemic flow rates from the baseline conditions because of the varied individual response to
the adenosine. In the response to the adenosine, hyperaemic flow rates are 2 to 5 times of the basal
flow rates [29, 30]. Heart rate (HR) and aortic pressure are mildly affected by adenosine. In
different studies a small to moderate increase in HR and an insignificant to small decrease in mean

arterial blood pressure (MAP) has been observed [29, 31].
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2.9. Fluid Mechanics

The exquisite behaviour of the fluids never seems to temper the human curiosity in the

perpetual search for the understanding of the nature.

2.9.1. Governing Equations

The Navier*-Stokes® (N-S) equation is Newton’s 2™ law expressed for fluids in Eulerian
approach which describes a balance of fluid forces with the rate of change of momentum.[32]. To
completely describe the fluid motion, we also need to explain the conservation of mass that’s why,
in CFD terminology, fluid equations are referred to both the continuity equation and momentum
equation (N-S equation). The conservative form of the fluid equations are [33]:

% 7. (o) =0
5 TV (U) = @

a(pV) _
5t +V.(pUXxU)=—-Vp+ V.t 5)

T=p (vu + (VU)T - gav. U) ©

Equation 4 is the continuity equation which expresses the conservation of mass and
equation 5 is the vector equation which contains three momentum equations. P is the pressure, u
is the velocity, t is the time, p is the density and u is the viscosity. p and p are material constants.

The left-hand side of the momentum equation shows the transient and spatial acceleration
of the fluid. On the right-hand side of the momentum equation, the first term explains the pressure
forces and the second term expresses the viscous forces.

Solving N-S equations requires simplification of assumptions using numerical methods for
applied problems. The analytical solutions are only obtainable for very simple differential

equations with simple boundary conditions (BCs) and geometrical configurations.

4 Claude-Louis Navier (1785-1836): French Mechanical Engineer & Physicist
> Sir George Gabriel Stokes (1819-1903), 1st Baronet: an Anglo-Irish Physicist and Mathematician
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Assuming rigid walls, in a pipe of constant circular cross-sections, steady and laminar flow,
an analytical solution to the N-S equations for simple flows can be given by Poiseuille® equation.

The velocity profile for the Poiseuille equation is given as

_ 8ulLQ
- mR* (7)

Ap

The Poiseuille equation shows that the velocity profile is parabolic. Integrating the equation
over the cross section gives the volumetric flow rate as
mryt dP

T 4p dx )

For the conditions where the assumption of rigid, variable circular cross-sectional cylinders
can’t be justified, equations become inadequate. In such cases the exact solution cannot be obtained
analytically, and N-S equations are solved using numerical methods. This field of study is called

computational fluid dynamics (CFD).

2.9.2. Computational Fluid Dynamics

Sufficient research has already been done for the validation of numerical solution
algorithms and it has been ensured that the establishment of CFD can be used as an essential tool
in the paradigm of modern fluid mechanics. Nevertheless, it cannot be ensured whether smooth

solutions to the N-S equations always exist.

2.9.3. Finite Element Method

In FEM, the N dimensional spatial domain (control volume (CV)) containing the physical
system 1s partitioned into a finite number of cells. These cells are called elements where to
determine the order of the element, each element is facilitated with interpolation function i.e.

linear, quadratic.

6 Jean Léonard Marie Poiseuille (1797-1869): A French Physicist & Physiologist
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For the governing differential equations, in the weak form representation, an arbitrary
weighting function w is multiplied with the variables of the governing differential equation before

integrating over the domain to reduce the degrees of the derivatives [34].

The N-S equation on weak form is shown in the equation.

Ju
fw.—dﬂ+fw. (u.V)udQ+f
Q Q

P
—V.Wd.Q-l-JVW: vVudQ =0
ot P

Q 9)

2.9.4. Newtonian and non-Newtonian Fluids

A Newtonian fluid is that in which viscosity remains constant with increasing or decreasing

shear rate. It is given by

T=U—=Uy
dy (10)

A non-Newtonian fluid viscosity does not remain constant with increasing or decreasing
shear rate. Hence a non-Newtonian fluid is of two types.
1. Shear Thinning
These types of fluids exhibit a decrease in viscosity with increasing shear rate e.g.
toothpaste, bottle of ketchup.
2. Shear Thickening
These types of fluids follow an increase in viscosity with increasing shear rate. The
best example for a shear thickening fluid is a mixture of corn-starch with water.
There are various non-Newtonian models available to explain the viscous behaviour of
fluids. These are
1. Carreau Model
2. Power Law Model
3. Bingham-Papanastasiou Model
4. Herchel-Bulkley-Papanastasiou Model
5. Casson-Papanastasiou Model

14



Carreau Model:
The Carreau Model is based on Power Law Model which explains the behaviour of

non_Newtonian fluids on the basis of shear rates [35]. This is,

u = pinf + (@0 — pinf)[1 + AP)?T7 (11
¥ = max (V25:S, Ymin) (12)
S = J[Vu+ (vu")] (13)

Table 1: non-Newtonian properties of Blood

Parameter Variable Value Unit

Zero shear rate viscosity Lo 0.056 Pa.s

Infinite shear rate viscosity Winf 0.0035 Pa.s
Model Parameter A 3.313 ]
Model Parameter n 0.3568 1

2.9.5. Computational Fluid Dynamics (CFD) Methodology

Implementation of CFD methodology involves programming of the solution algorithms.
Various open-source and commercial softwares are available which come with built in programs
and algorithms. Irrespective of the choice, the methodology of the CFD remains same which
involves few steps.

1. Meshing

Meshing is the process of subdividing the computational domain into elements, nodes or
control volumes depending upon the method opted for the solution. Based of mathematical
principles, certain algorithms are also used in softwares for generating the meshes of high quality.

2. Pre-processing
In this process, fluid mechanical properties are defined for the fluid flow problem. Physics

of the simulation is first defined such as fluid flow, turbulence modelling, thermal conductivity,
15



etc. Then the study is defined i.e. steady or transient etc. Material properties for blood are dispensed
to flow volume of the domain e.g. density, viscosity etc. Finally, boundary conditions (BCs) are
imposed.
3. Solution
Solution algorithms are chosen to solve the fluid flow problem such as FEM, FDM, FVM
etc. The convergence criterion is also defined i.e. time steps, number of iterations etc. Certain
numerical parameters are also defined which control the solution process such as relaxation

factors, numerical diffusion coefficients, conductance, compliance etc.

4. Post-processing
The final step is the post processing. Certain type of 1D, 2D and 3D plots are used to aid
the visual inspection of the obtained results for field variables of different parameters such as

velocity and pressure etc.

2.9.6. Errorsin CFD

CFD is based on numerical methods which are estimations and approximations, hence they

are also associated with errors. In CFD, the errors are described as:

1. Modelling Errors
The modelling errors occur from the inconsistencies between numerical and actual physical
systems. The errors are associated with simplification of PDEs and BCs and not from numerical
approximations. That’s why validation of the obtained simulation results is important to evaluate

and minimize modelling errors.
2. Discretization Errors

These errors are also called truncation errors because they arise from discretization of

partial differential equations. [36].
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3. Convergence Errors
These are associated with the iterations. Consecutive iterations explain the variation in the
solution. This represents the quality of convergence. Iterative errors occur both in time and solution

algorithms.

4. Round-off Errors

These errors occur because in each floating-point number, only a certain number of digits
can be stored.

The errors in CFD can be measured through verification and evaluation of the magnitude
of improvement for the solution. In the assessment of CFD results, verification and validation play
major roles. Validation ensures that a mathematical model exactly represents the physical problem
to be discussed and its characteristics. Validation is the ensuring that the mathematical equations

are correctly solved caused by implementation and discretization by examining the errors.

2.9.7. Boundary Conditions

The boundary conditions are specified in any computational model. Boundary conditions
are expressed as the value of a field variable (Dirichlet BCs) or the value of its gradient (Neumann
BCs).

When performing a CFD simulation, velocity or pressure is specified on the boundaries
(inlets and outlets). For rigid walls, inlet and wall conditions can be employed readily, while outlet
conditions are most significant for the final results for FFR and subjected to great uncertainties
[37, 38].

In our computational model of coronary arteries, CT Angiography images are used and
refined to get the image data of sufficient quality to obtain a 3D domain. This 3D domain is then
curtailed for those features which are unable to be captured by CT.

1. Walls

Walls are either rigid or compliant. Usually the no-slip boundary condition is applied on
the wall of the artery which means that velocity is zero on the wall. For a non-solid wall, a fluid-
structure interaction mechanical problem is solved which cause more computational expense.
Hence it is more recommended to assume rigid walls to avoid computational complexity, unless it

does not significantly affect the functional similarity of the simulation model.
17



2. Inlets
Clinical measurements are well estimated at the inlet of a coronary artery. Arterial blood
pressure can be measured to obtain aortic pressure waveforms. Flow rates can be measured non-
invasively using Transthoracic Doppler Echocardiography (TTDE) in the main coronary branches
[39].
3. Outlets
If a flow rate or a pressure is imposed at outlet, then it would compel the solution to match.
Another approach possible to meet the resistance in the branches to let the flow distribute in the
3D domain which are offered to the blood flood. In this way, at the outlet, the total peripheral
resistance is endured [22]. For that purpose, the Windkessel Model is used widely but the problem
with this approach is that it is further based on many assumptions to calculate resistance,
inductances and compliances. That is why it is better to use an outlet pressure to match the diastolic
pressure to simplify the computational model. Other methods to determine peripheral resistances

are based on empirical observations.
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2.10. Pulsatile flow

Pulsatile flow is a transient flow problem in which a periodic, time-dependent pressure

gradient is imposed to produce a time-dependent motion. It is given by [35],

oP _
—— =G = Gy(1 + esinwt)
0z (14)

In a real problem of a pulsatile flow like in an artery, the walls are compliant and the cross-
section is not circular. In pulsatile blood flow and other applications, we are only concerned with
the solution which has been obtained after sufficiently long time after imposing the pulsatile
pressure gradient to make sure that the velocity field is strictly periodic. Hence, we don’t much
care whether the pulsatile flow starts from rest. A more complicated periodic pressure gradient and
velocity profile can be achieved using Fourier Transform. The complex G (t) is decomposed into

discrete set of sinusoids.

The governing differential equation for velocity profile can be given as

auZ_G(1+ not) + [16(6uz>]
p =G, €sinw Hloae\T

ot ar (15)
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CHAPTER 3. METHODS

This chapter details the methodology involved in developing and applying CFD simulation
for the calculation of FFR non-invasively in LAD. The first section describes how the
computational models are employed for the coronary flow simulations. Section 3.1 describes how
the numerical methodology was developed and the patient data and patient specific simulations
are described in section 3.2. Section 3.3 describes the numerical methods employed. The

methodology has been developed gradually and by continuous verification and validation.

3.1. Computational Model

The computational model employed in this work is composed of CFD simulations applied
on a 3D volume of LAD to solve N-S equations. Input to the computational model is a pulsatile
and non-pulsatile velocity at the inlet and a constant outlet pressure. No-slip boundary condition
is applied at the wall. The geometric model of LAD is shown in Figure 5.

cm
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Figure 5: Geometric Model of Left Anterior Descending

20



The softwares used in the present work are

1. Mimics materialize
Mimics is a medical imaging processing software which is used to create 3D geometries
from 2D image data of CT and MRI. It comes with two packages i.e. Mimics and 3-Matic. Mimics
models the 3D geometry from DICOM images while 3-Matic is used for segmentation and to
generate meshes.
2. COMSOL Multiphysics
COMSOL Multiphysics is a finite element-based Multiphysics solver. It allows modelling
and simulation of conventional physics-based user interfaces and couple system of partial

differential equations.

3.2. Patient-Specific Model

Angio-CT scans were acquired from AFIC (Armed Forces Institute of Cardiology) on
patient consent and were implemented on this study. Computed Tomography Angiography (CTA)
images are obtained from a patient who was willing to contribute in the research project to develop

patient-specific model.

3.2.1. Physiological Parameters

There are some parameters which were obtained from the literature. This includes the
rheological properties of blood p=1060 g/cm3. The blood had been assumed as non-Newtonian.
The patients-specific parameters employed are Patient’s blood pressure i.e. diastolic and systolic

blood pressure has been obtained and ECG was measured. Heart rate of the patient was 72 bpm.

3.2.2. Patient-Specific Data

The patient had volunteered for the research project and his privacy was kept confidential.

The patient-specific data is

Table 2: Patient-Specific Data

Age |Sex | Hospital | Heart Rate | SBP | DBP FERin with
Adenosine
55 Male | AFIC 72 130 80 0.99
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3.2.3. Pulse Sensor Data

Pulse sensor is simple heart sensor which is used to monitor pulsatile flow nature in arteries.
It is used as a plug-and-play sensor with Arduino. A pulse sensor has three wires.
e Black pin as a ground wire
e Red wire showed Vcc supply voltage
e Pink wire as a pulsating signal wire
The ground wire has been connected to the ground (GND) pin of Arduino mega. Vcc
supply voltage connected with 5V input pin of Arduino mega. Signal pin has been associated to
the A0 analog input pin of the system. It is usually placed on index finger. It generates pulses of
heartbeat PQRS. The data accurately captured and displayed the pulse waveform is shown in the
figure
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Figure 6: PQRS obtained using pulse sensor
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3.2.4. Segmentation

CTA images of the patient were imported into an advanced image processing suite (Here
Mimics Materialize) and a geometry was created for LCA using Hounsfield Units (HU)>=226.
This LCA was then exported to 3-matics software and LAD was segmented. Segmented geometry
was then exported as .st/ file which was further used as an input model in COMSOL Multiphysics

platform.

The pipeline for modelling and segmenting LAD is:

Figure 7: Workflow for segmenting LAD in Mimics Materialise

23



3.3. Numerical Methods
3.3.1. Computational Fluid Dynamics

The computational model is governed by fluid flow equations with velocity is applied at
inlet and pressure is specified at the outlet. Linear Lagrange P1 tetrahedral elements are applied
for interpolation for velocity and pressure field variables. In stationary case, the simulations were
run for 1000 iterations. In transient simulation, time step AT is 0.001s and simulations are run for
800 cycles with a period of 0.8 s for non-pulsatile flows. For pulsatile flows, a single pulse is
simulated with a single pulse of time period of 0.8 s and the time step is chosen to be 0.001 s to
run the simulation for 800 cycles.

The laminar flow from fluid flow physics module has been used to simulate blood flow
This provides high performance implementation of the schemes to solve fluid flow problems for
continuity and momentum equations. The PARDISO Solver is used to solve the coupling of
velocity and pressure fields. PARDISO is a robust and memory efficient tool for solving the

asymmetric linear systems of equations as compared to Mumps and Spool.
3.3.2. Boundary conditions
BCs are assigned to inlet, outlet and wall of the geometry obtained from 3-Matic software.
The wall of the CA is assumed as solid with no-slip boundary condition for all simulations.
3.3.2.1. Steady Boundary Conditions for non-Pulsatile Flow
For steady simulations, a constant velocity of 0.30 m/s is given at the inlet and a constant
outlet pressure of 80 mmHg is assumed at the outlet to mimic the patient specific parameters.
3.3.2.2. Transient Boundary Conditions for non-Pulsatile Flow
For non-pulsatile flow, BCs were applied same as the steady state and a time period of 0.8
s is used with a time step of 0.001 s.
3.3.2.3. Transient Boundary Conditions for Pulsatile Flow

For pulsatile flow, a single pulse of 0.8 s is also coupled with the steady BCs. A single

pulse employed to develop pulsatile flow is shown in
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Figure 8: Velocity Profile of the Pulsatile Flow
3.3.3. Pre-processing

The LAD model was imported in COMSOL Multiphysics and boundaries (inlet, outlet and
wall) are defined. Fluid flow physics was defined. Stationary and transient simulations were
studied for a non-Pulsatile flow. Transient simulations were studied for pulsatile flow. The
properties of blood (density and non-Newtonian Carreau Model viscosity) are assigned to the 3D

domain. Further incompressible fluid flow equations and BCs are assigned.

Meshing

Meshing is the most important part of a computational problem. COMSOL Multiphysics
is an FEM based solver. In the presented methodology, the P1 tetrahedral mesh is selected. The
properties of mesh are:

Table 3: Properties of Mesh

Maximum Element Size 0.771 mm

Minimum Element Size 0.0833 mm
Maximum Element Growth Rate 1.1
Curvature Factor 0.4
Resolution of Narrow Regions 0.9
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The total number of elements generated are approximately 0.1 M including 92911 domain

elements, 8376 boundary elements and 86 edge elements.

ol o

Figure 9: Mesh of LAD
3.3.4. Processing

Stationary and Transient simulations for non-pulsatile flow and transient simulations for a

pulsatile flow are studied. The configurations for these studies are:
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3.3.4.1. Stationary Study for non-pulsatile flow

Non-linear Newton Method is opted for the Algebraic Multigrid Solver configuration. The
initial damping factor was 0.01 while minimum damping factor is 10, Direct PARDISO solver

was used and the solution is run for 1000 iterations. The convergence criterion is set to 107,

3.3.4.2. Transient Study for non-pulsatile flow

The similar configurations are used for transient simulations as used for stationary steady.
The time period for transient simulation is 0.8 s and the time step is 0.001 s. Hence the simulation

was done for 800 iterations.

3.34.3. Transient Study for pulsatile flow

The similar configurations are used for pulsatile simulations as used for stationary non-
pulsatile simulations. The time period which depends upon the patient’s heartbeat was chosen as
0.8 s and the time step is 0.001 s. Hence the simulation is done for 800 iterations. In a pulsatile

flow, a pulsating function of velocity profile is coupled with the inlet velocity.

3.3.5. Post processing

The results are obtained for velocity and pressure which are presented in RESULTS chapter.
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CHAPTER 4. RESULTS

In this chapter, all the results are presented which were obtained from different simulation

studies. Section 1 presents all the results and section 2 compares all the results with invasive FFR.

4.1. Computational Results

This section presents all the results which were obtained in COMSOL Multiphysics for
different simulations.

4.1.1. Stationary Study for non-pulsatile flow

The BCs and stationary model was setup as explained in section 3.3.2.1 and 3.3.4.1. The

simulation results for velocity and pressure are
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Figure 10: Simulation Results for Velocity (Slice & Volume plots); Stationary Study for
non-Pulsatile Flow
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Figure 11: Simulation Results for Pressure; Stationary Study for non-pulsatile flow

29



Nonlinear solver
T T T T T

T T T

T T TTT1T

11 1111

T
1

10

T T TTTTIT
L1 1 11111

T
1

10°

T T TTTTTT
11 1 11111

Error
T
1

T T T TTTTIT

1 11 1111l

T
1

1072

T T TTTTTT
1 11 11111

107

T T TTTTTT
1 11 11111

— Nonlinear solver

1 2 3 4 5 6 7 8
Iteration number

Figure 12: Simulation Results for Convergence; Stationary Study for non-Pulsatile Flow

4.1.1.1.  Transient Study for non-pulsatile flow

The BCs and stationary model was setup as explained in section 3.3.2.2 and 3.3.4.2. The
simulation results for velocity and pressure were obtained. The convergence for the simulation is

shown in figure.
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Figure 13: Simulation Results for Convergence; Transient Study for non-Pulsatile Flow

o

4.1.1.2.  Transient Study for Pulsatile flow

The BCs and stationary model was setup as explained in section 3.3.2.3 and 3.3.4.3. The
simulation results for velocity and pressure were obtained. The convergence for the simulation is
shown in figure.
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Figure 14: Simulation Results for Convergence; Transient Study for Pulsatile Flow

4.2. Comparison of non-Pulsatile and Pulsatile Flows

No significant stenosis was observed in CTA DICOM images, but a narrowing was found in

the middle of LAD as shown in the figure.

32



cm

0 1 2 3 ¢m

Figure 15: Proximal and Distal locations across the narrowing (all measurements are in
mm)

Pressure was calculated proximal and distal to the narrowing. FFR was obtained using

eq.l at each time step for both pulsatile and non-pulsatile transient blood flows.
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Figure 16: Comparison of FFR for pulsatile and non-pulsatile blood flows

The maximum values of FFR were obtained and then compared to invasive FFR
results.

Table 4: Comparison of the FFR Results

FFRcr for stationary non-pulsatile blood flow 0.97
FFRcr for transient non-pulsatile blood flow 0.97
FFRcr for transient pulsatile blood flow 0.99
FFRinv with Adenosine 0.99

It is evident from the results that simulating pulsatile blood flow gave us more accurate results as
compared to non-pulsatile blood flows.
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CHAPTERS. DISCUSSION

This chapter presents an insightful brief analysis of the applied methods and obtained
results as explained in previous chapters. This chapter hast wo main sections. The first section
contains a profound discussion on the methodology employed. The second section discusses the

results and compares them with the results of other people.

5.1. On the Methods

The methodology developed for 3D geometric model belonging to a patient-specific is very
much prone to the measurement and modelling errors. The capture of an accurate coronary artery
and critical stenosis depends upon the ability of the interpretation of the DICOM CT images. Also,
the quality of DICOM images is also a key parameter to develop a quality mesh.

Also, for the compatibility with COMSOL Multiphysics, no additional layers were
fashioned from the vessel wall. For higher mesh refinement, the mesh inflation layers are desirable
in the normal direction from the walls but without them, the viscous losses near the walls may be
undervalued as these are of great importance for pulsatile flows.

The presented approach is incomplete regarding patient-specific limitations as only CTA
images, HR and blood pressure has been taken form the patient. However, as our primary goal was
to develop pulsatile flow for the assessment of FFR; the data obtained from the literature has made
us able to calculate our required results very close to invasive results.

Vessel wall was modelled and assumed rigid. Malve et al shows that qualitative and
quantitative errors are introduced by rigid walls for the calculation of wall-shear-stress (WSS). But
Morris et al reported that there is no solid proof is available to support that compliance of the wall
is necessary. Fluid-structure interface (FSI) is not entertained in this thesis. Also, the outlet
pressure is assumed to be constant. Windkessel model (0D or 1D) may be introduced to calculate
the outlet pressure from arterial tree but it is further based on some assumptions of resistances and
compliances per se.

For non-pulsatile transient flows, the time period is set to 0.8 s as it was observed that it
was enough for the results to converge but it is based on hit and trial method. Also, the time step

for non-pulsatile flows was set to 0.001 s to observe when the results saturate.
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For pulsatile flows, the time period for a single pulse is taken as 0.8 s which depends upon
the heart rate of the patient.
We have used just two parameters to simulate blood i.e. density and viscosity which are

constants and do not depend upon time.

5.2. On the Results

The results are solely dependent upon how accurate the geometrical model and how many
patient-specific parameters had been used. The lack of knowledge and experience with radiology
of the DICOM images may have caused geometrical artefacts. Geometrical disagreement is an
inevitable challenge and misinterpretation of stenosis may have pronounced effects on the
assessment of FFR.

Another main cause which may have affected the results is the approximation of
hyperaemic flows in LAD. Many researchers have agreed that the right estimation of hyperaemic
flow and coronary arterial geometry is the key to the successful assessment of FFRcr as a
diagnostic tool. These challenges are across the globe and despite of the limited extent of tailored
patient-specific models, our results for presented methodology showed promising results.

The mesh study has enabled us to study the difference in results across the LAD domain.
The mesh elements were not able to go beyond a certain limit although a coarser mesh produced
more promising results which were closer to the invasive FFR. However, as more refined mesh is
thought to be more realistic in results; we relied on the refined mesh.

The comparison of non-pulsatile steady and non-pulsatile transient results do not give any
relevant information as viscosity and density both are not varying with time. Yet time step in
transient simulations show when the results saturate to a steady state.

Although turbulence may occur in the coronary domain, yet these separated flows still can
be laminar. The reason is that the Reynolds number for hemodynamically flows are much less than
2200 which is a typical Reynolds number for transition from laminar to turbulence in flows.

As viscosity and density are constants and do not depend upon time; transient simulations
for non-pulsatile flows do not give us any further information.

The study also suggests that as the vessel gets narrowed at the outlet, the velocity keeps
increasing for non-Pulsatile flows while using a pulsatile flow, the velocity remains in a range

which goes in hand with the theory of pulsatile flows as shown in the figure.
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CHAPTER 6. CONCLUDING REMARKS

This chapter contains key points from the work explained in previous chapters. First section
summarises the work done in this thesis. Second section discusses the concluding remarks. Finally,

third section discusses the limitations of this project and suggests the directions for future work.

6.1. Summary of the project

The presented work in this thesis is related to the CFD simulation of the coronary blood
flow for a patient-based coronary artery (Left Anterior Descending) for the calculation of fractional
flow reserve (FFR) non-invasively. The patient-specific model of LAD was constructed using CT
Angiography images data of the patient using Mimics Materialise 21. The blood had been
modelled as non-Newtonian. Steady and Transient simulations were conducted for a non-pulsatile
blood flow and Transient simulations for a pulsatile blood flow using COMSOL Multiphysics 5.4.
The results obtained from CFD simulations were analysed and compared with invasive FFR

measurements which led to the discussion on applied methods.

6.2. Conclusion

The computational models developed and applied in this thesis shows promising results. It
resembles to the physiological coronary flows developed by other people and in arrangement with
the latest models for simulations. The difference between invasive FFR and FFRcr is negligible in
case of a pulsatile flow as compared to the non-pulsatile steady state and transient flows. The
presented methodology is sufficient for comparison of invasive FFR and FFRct as the simulation
of pulsatile flow for the assessment of FFRct introduce insignificant errors based on the finding

of this work.

6.3. Limitations

This study only investigates the coronary blood flow in LAD only. The reason is that the
patient had only been diagnosed for FFR in LAD only. A complete investigation of coronary
arterial tree can be also be done with a high-quality CTA data.

The data had been obtained only from one patient which limits the extent to the study and

the obtained results with the span of FFR. Also, only the CTA data, blood pressure and pulsatile
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flow are obtained from the patient. The fluid-structure interaction had not been accounted in the

present work.

6.4. Suggestions for the future work

The computational calculation of FFR is facing many challenges. One of them is that FFR
is a costly procedure and not essential for every patient. Following are the suggestions to improve
the outcome of the results for the subsequent work:

e A pilot study can be developed for a larger group of patients for a broader span of
FFR in order to encourage the outcome of the results for the presented methodology

e The segmentation process can be automated

e Coronary flow rate and velocity can be obtained using Doppler ultrasound for a
more precise study of the patient specific model

e The quality of the results can be improved using a high-quality CT Angiography
images with better resolution.

e Windekessel Model can be used to calculate arterial pressure at the outlet of the

coronary arteries
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