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Abstract

Coarctation of the aorta (CoA) is a congenital heart disease in which the aorta wit-
nesses localized obstruction. CoA can be fatal if left untreated. Endovascular stenting
of CoA is an attractive treatment of choice in adolescents and adults; however, it can
be associated with problems like stent malapposition and inappropriate stent expan-
sion. The main objective of this study is to investigate the effects of stent implantation
on the hemodynamic factors in a patient with mild coarctation.

Computational fluid dynamics was utilized to illustrate the hemodynamic factors
like velocity distribution, wall shear stress, and trans-coarctation pressure drop in
pre- and post-intervention states. These factors were used to assess the success of
stent deployment in this patient. Large Eddy Simulation (LES) model is employed in
this work to provide detailed information on hemodynamics in patient-specific pre-
and post-intervention geometries of the aorta. The results of an in-house lumped
parameter code, in which its input parameters are obtained from patient-specific

clinical data, were applied as the boundary conditions in this study.
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NOMENCLATURE and
ABBREVIATION

Nomenclature

Re Reynolds number

Co Courant number

p Density [kg/m?]

L Dynamic viscousity [Pa.s]

Vv Velocity [m/s]

P Pressure [mmHg]

Q Volumetric flow rate [m?/s]

A Cross-section surface area [m?]
7 Angle [°]

=l

Face normal vector [m?]

vi



fi Vector from the centroid of the cell to the centroid of the face [m]

o Vector from the centroid of the cell to the centroid of the adjacent
cell [m]

Y Normal distance to the wall [m]

Uy Friction velocity [m/s]

v Kinematic viscosity [m?/s]

Tw Wall shear stress [Pa]

T Cardiac cycle period |s]

t Time instant [s]

Ao Total area of the aortic wall [m?]

A Area of the ith mesh surface [m?]

Abbreviation

CoA Coarctation of the aorta

LES Large Eddy Simulation

CFD Computational Fluid Dynamics

LPM Lumped parameter modeling

Vil



ODEs

FSI

cP

LBM

WSS

MRI

RANS

DNS

SGS

LDL

TKE

LA

LV

RA

RV

MV

AV

Ordinary differential equations

Fluid-structure interaction

Centipoise

Dimentional

Lattice Boltzmann method

Wall shear stress

Magnetic resonance imaging

Reynolds Averaged Navier-Stokes

Direct numerical simulation

Subgrid scales

Low-density lipoproteins

Turbulent kinetic energy

Left atrium

Left ventricle

Right atrium

Right ventricle

Mitral valve

Aortic valve

Viil



TV

PV

BCA

LC

LS

DAo

CHD

PDA

DE

BAV

CA

cT

CMRI

PC — MRI

4D

BSA

TAWSS

ECs

Tricuspid valve

Pulmonary valve

Brachiocephalic artery

Left common carotid artery

Left subclavian artery

Descending Aorta

Congenital heart defects

Patent ductus arteriosus

Doppler echocardiography

Bicuspid aortic valve

Cardiac catheterization and angiography

Computed tomography

Cardiac magnetic resonance imaging

Phase-contrast magnetic resonance imaging

Four-dimensional

Body surface area

Time-averaged wall shear stress

Endothelial cells
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SA—TAWSS Spaced-averaged time-averaged wall shear stress
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Chapter 1

Introduction and Problem

Statement

Aorta is the largest arterial trunk in the body. It is responsible for delivering the
blood from the ventricle to the branch arteries in order to supply the body organs with
oxygen-rich blood. Aorta can be affected by diseases such as the tear in the innermost
layer of the aorta (aortic dissection), abnormal bulging (aneurysm), plaque build-up
in the inside wall (atherosclerosis), and abnormal narrowing (stenosis). Coarctation of
the aorta (CoA), also known as aortic coarctation or aortic narrowing, is a congenital
heart disease in which aorta witnesses localized constriction. Coarctation of the aorta
can be fatal if left untreated. Although surgical resection of the CoA is a treatment
of choice in neonates, infants, and young children, this method of treatment involves
the risks associated with the invasive nature of the surgical procedure. Transcatheter
treatment can be applied to older children and adults. Residual obstruction and post-
surgical recoarctation associated with balloon angioplasty are issues that make the

employment of endovascular stenting of CoA an attractive choice in adolescents and
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adults. However, failure in stent deployment can occur due to problems like malapo-
sition of the stent and inappropriate stent expansion. In this regard, Computational
Fluid Dynamics (CFD) models can provide detailed spatio-temporal information on
the blood flow that may be difficult, or even impossible, to capture by imaging modal-
ities. This information can help assess the success or failure of stent deployment in
patients with CoA, develop the patient-specific treatment strategies, and predict the
timing of the intervention by monitoring the disease progression.

This study aims to investigate the effects of the intervention on a patient with
repaired coarctation. To this aim, Large Eddy Simulation (LES) model is employed
to provide detailed spatial and temporal information of blood flow in patient-specific
geometries of the aorta before and after the intervention. The results of a unique
lumped parameter modeling (LPM) code are used as the boundary conditions in both
pre- and post-intervention cases to ensure applying the realistic boundary condition.
The assumption of the rigid wall is considered in this thesis. This assumption is
proved to be a realistic one in literature, especially in patients with CoA who are

usually subject to hypertension and reduced compliance in the aorta.



Chapter 2

Literature Review

2.1 Introduction

This chapter aims to provide a literature review on the rheology of the blood, bound-
ary condition, and modeling techniques used in existing CFD studies of the aorta.
In this regard, the assumptions of Newtonian or non-Newtonian fluid for the blood
simulation in literature will be discussed, and studies in which idealized boundary
conditions were utilized are presented against those in which patient-specific bound-
ary conditions were used. In addition, CFD studies with laminar flow assumption are

mentioned alongside those with turbulence flow assumption.

2.2 Blood Rheology in CFD Models

Viscosity is defined as the fluid resistance to deformation. In Newtonian fluids, viscos-
ity value can only be influenced by the temperature. So, at a constant temperature,

the viscosity of a Newtonian fluid is constant. While, in a non-Newtonian fluid, the
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viscosity value will change by altering the shear rate.

Blood contains cellular substances comprising red blood cells (erythrocytes), white
blood cells (leukocytes), and platelets (thrombocytes) that are suspended in Plasma.
Plasma is an aqueous polymer solution that includes electrolytes and organic molecules.
Although plasma exhibit Newtonian behavior, the whole blood shows non-Newtonian
physical property [1].It is reported that the blood viscosity depends on two parame-
ters: hematocrit, which is the volume percentage of red blood cells in the blood, and
temperature [2]. The blood viscosity increases as a result of increasing the hemat-
ocrit or decreasing the temperature [2]. The blood non-Newtonian behavior results
in the nonlinear relation between the shear stress and shear rate. Studies show the
non-Newtonian blood flow behavior in vessels with an internal diameter of less than
1 mm. In contrast, in large arteries like the aorta, blood can be considered as a
homogenous incompressible fluid with the Newtonian behavior [1, 3, 4, 5, 6].

There are some studies on the hemodynamics in the aorta with the assumption
of non-Newtonian fluid. For example, Xu and colleagues investigated the influence
of aortic valve disease on blood flow in the dilated aorta with this assumption in
2020 [7]. However, many of these works with the assumption of non-Newtonian blood
rheology were done in small arteries [8, 9, 10, 11]. Table 2.1 shows the blood viscosity

and density in some CFD models assuming the blood as a Newtonian fluid.
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Table 2.1: Review of the blood viscosity and density used in CFD simulations

Blood Blood
Author(s) Reference | Dynamic | Density Date of
Number Viscosity | (kg/m?) Publication
(cP)
Wood et al. [12] 4 1050 2001
Leuprecht et al. [13] 3.65 1044 2003
Morris et al. [5] 3.5 1050 2005
Figueroa et al. [14] 4 1060 2006
Gao et al. [15] 3.5 1050 2006
Greve et al. [16] 4 1060 2006
Spilker et al. 17] 4 1060 2007
Paul et al. [18] 3.71 1060 2009
Tan et al. [19] 2.56 1060 2009
Cheng et al. [20] 4 1060 2010
Wen et al. [21] 3.8 1121 2010
Keshavarz-Motamed et al. | [22] 3.5 1050 2011
Lantz et al. [23] 2.56 1080 2011
Stalder et al. [24] 4.5 1050 2011
Brown, A. et al. [25] 3.5 1056 2012
Lantz et al. [26] 3.5 1080 2012
Midulla et al. [27] 4 1050 2012

Continued on the next page
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Table 2.1-Continued from previous page

Blood Blood
Author(s) Reference | Dynamic | Density Date of
Number Viscosity | (kg/m?) Publication
(cP)

Brown, S. 4] 3.9 1060 2013
Keshavarz-Motamed et al. | [2§] 3.5 1050 2013
Reymond et al. [29] 3.5 1000 2013
Tse et al. [30] 3.71 1060 2013
Sughimoto et al. [31] 4.9 1055 2014
Callington et al. [32] 4 1060 2015
Numata et al. [33] 4 1060 2016
Feng et al. [34] 3.2 1005 2017
Madhavan and Kemmer- | [35] 4 1060 2018
ling

Romarowski et al. [36] 3.5 1060 2018
Zakaria et al. [37] 4.2 1050 2019
Baumler et al. [38] 4 1060 2020
Liang et al. [39] 3.5 1056 2020
Pons et al. [40] 3.5 1050 2020
Sadeghi et al. [41] 3.5 1050 2020
Swanson et al. [42] 4 1060 2020
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2.3 Boundary Condition in CFD Models

Cardiovascular system contains a huge closed loop of connected vessels; however, only
a small area of this system is being considered for modeling the hemodynamics in the
aorta. Therefore, applying the proper boundary conditions at the inlet (ascending
aorta) and outlets (aortic arch branches and descending aorta) is of paramount im-
portance to truly compensate the absent parts of the cardiovascular system in the
mentioned simulation and plays a crucial role in CFD simulation results. The inlet
velocity profile can be an idealized or generic one, or a time-varying patient-specific
profile obtained from the imaging modalities [2]. The idealized velocity profile can
be in the shape of a flat (plug) or a fully developed (parabolic) profile. The two
following sub-sections summarize some CFD studies based on applying the idealized

and patient-specific boundary condition.

2.3.1 Idealized Boundary Condition

The most preferred idealized inlet velocity boundary condition in the ascending aorta
used in the literature is the combination of spatial plug profile and temporal waveform
pattern. The data obtained from the experiment reported in [43] is generally utilized
for forming the pulsatile waveform. Figure 2.1 shows the accelerating, decelerating,
reversed, and no-flow parts of the pulsatile velocity waveform. Several in vivo studies
performed using the hot-film anemometry can be referred to as the verification of the
tendency of the blood flow in ascending aorta to shape a flat velocity profile [44, 45].

Flat velocity profiles have been used in many studies as the boundary condition
in CFD simulations. Mori and Yamaguchi [46] imposed the flat inlet velocity profile

to investigate the hemodynamics in the aortic arch. Kim and colleagues [47] applied
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Figure 2.1: Inlet pulsatile velocity profile in the ascending aorta [2]

the uniform inlet velocity profile using the waveform presented in [43]. Cheng and
co-workers [48] used the flat velocity profile at the inlet of the computational domain.
They obtained the velocity waveform based on the patient’s cine phase-contrast MRI
data.

To investigate the effects of the interaction of the computational domain and the
heart non-invasively, lumped parameter models are utilized to couple the reduced-
order heart models as inlet boundary conditions in the simulation. These models
use the patient-specific clinical data as the input parameters to solve the ordinary
differential equations (ODEs) and show the global characteristics of the heart. They
are referred to as 0D models as they are predicting the global time-varying flow and
pressure changes by solving ODEs. Some researchers studies on global hemodynamics
using LPM for healthy and pathological cases. Segers and co-workers, in a series of

studies [49, 50, 51], utilized the LPM to investigate the global blood hemodynamics
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in the human cardiac system. This approach was also used by Garcia and colleagues
in 2005 [52], and by Tanné and co-workers in 2008 [53]. Lantz and colleagues [23]
studied the effects of the rigid and fluid-structure interaction (F'SI) model of the aortic
wall on the hemodynamic parameters using the LPM coupled to the outflow bound-
aries. Alongside studies on healthy and pathological cases like aortic stenosis, LPM
technique has also been utilized to study the coarctation of the aorta in some of the
scientific works. Engvall et al. in 1991 [54] and 1994 [55] investigated the influence of
arterial stenosis on global hemodynamics using LPM. Kim et al. [56] in 2009 coupled
a lumped parameter heart model and a 3D finite element model of the patient’s aorta.
They declared that they could obtain the physiologically realistic pressure and flow of
the aorta. They used the LPM as the inflow boundary condition and could assess the
aortic hemodynamics via the coupled models. Alimohammadi et al. [57] employed
the Windkessel model to the boundaries of the computational domain. They utilized
invasive patient-specific pressure measurements to tune the Windkessel parameters.
Keshavarz-Motamed and colleagues used LPM to assess the cardiovascular hemody-
namics in their studies extensively [58, 59, 60, 28, 61, 62, 63, 64, 65, 41, 66, 67].
Their works contain studies on the global and local hemodynamics of the heart and
circulatory system in pathological conditions like mixed valvular diseases, coarcta-
tion of the aorta, aortic aneurysm, valve replacement, and ventricular diseases. In
2013, Coogan et al. [68] investigated the importance of aortic coarctation and hy-
poplasia to measure the cardiac workload. Coogan et al. [69] also reported another
study on the effects of various aortic arch obstructions on the ventricular workload
using LPM. In 2017, Minguez et al. [70] employed a lumped parameter model of the

fetal circulation to assess the hemodynamic alterations in fetuses with coarctation
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of the aorta to improve the diagnosis of this disease. Recently, Sadeghi et al. [41]
in 2020 used the results of LPM as the input flow boundary condition to model the
aortic hemodynamics in the patient aorta using Lattice Boltzmann method (LBM).
They developed the fast non-invasive model of coupled lumped parameter network
and computational framework to quantify the local and global hemodynamics of the
coarctation of the aorta. Mirramezani and Shaden [71] proposed a distributed lumped
parameter modeling framework to quantify the global hemodynamic characteristics
efficiently in the current year. They compare the results of their framework with that
of the CFD simulation results and found good agreement in terms of flow rate and
pressure distribution for various hemodynamic conditions and vascular geometries.
As the lumped parameter modeling solves the ODEs, they have less computational
and time costs, and thus, they are easier to utilize than the conventional CFD models.

The other form of the inlet boundary condition is time-varying pressure waveforms
obtained from catheter data. Park and co-workers applied the inlet profile of cardiac
pressure in their study [72]. In another work, pulsatile pressure was used in the inlet
boundary by Vasava and colleagues to model the idealized human aortic arch [73].
This type of boundary condition is less frequently applied in the literature. The
reason may be due to the high sensitivity of the blood flow rate to the pressure
gradient between the inlet and the outlets in a way that a small error in the applied
pressure gradient leads to a high deviation of the blood flow rate from the realistic
values [2]. It is reported that catheter data acquisition is associated with errors like
catheter whip artifact, which is the excessive oscillation of the catheter tip resulting
from blood flow, that make this type of inlet boundary condition challenging to

implement [2].
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(a) (b) (c)

Figure 2.2: Schematic of flow pattern in the aorta during early systole (a), mid to late systole (b),
and end systole and dyastole (c) [2]

2.3.2 Patient-specific Boundary Condition

Although idealized boundary conditions have been utilized in many studies to inves-
tigate the aortic hemodynamics, the exact nature of the spatial velocity profile in the
aorta exhibits a complex time-varying 3D pattern. Figure 2.2 illustrated the devel-
opment of the flow pattern in a healthy aorta during the cardiac cycle. As shown
in this figure, the blood flow during early systole shows an axial pattern. Then, the
flow pattern exhibits the helical shapes in the mid to late systolic phase. Finally, this
pattern turns into the complex flow recirculation during the end systole and diastole.
It is hypothesized that various factors contribute to the formation of the helical flow
pattern during the mid to late systole: 1) arrangement of the muscle fibers resulting
in counterclockwise torsional deformation of the LV during systole, and then clock-
wise return during diastole; 2) asymmetric shape of the aortic valve leaflets and their
opening and closure; and 3) the non-planar arterial geometry and its curvature. [2]

Different mechanical events in the heart cause various phases during the cardiac
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cycle. These phases and their corresponding events are described in Table 2.2. As
these events make the inlet velocity profile to deviate from the idealized profile, some
studies compared the influence of assuming the idealized inlet flow boundary condi-
tions on the simulation results with that of using the realistic boundary conditions. In
2009, Renner and colleagues compared the result of wall shear stress (WSS) distribu-
tion in nine healthy subjects using the subject-specific inlet velocity profile measured
through MRI with that of using flat profile considering subject specific mass flow
rate [74]. Their findings indicated that using measured subject specific boundary
conditions is a must as the results of WSS distribution using this boundary condi-
tion differed between 8-34% in their cases with that of the flat velocity profile. They
also indicated that the minimum difference in the WSS between the two mentioned
boundary conditions was seen in the peak velocity in the cardiac cycle. In another
work, Morbiducci and co-workers [75] investigated the effects of inlet velocity pro-
file assumptions on WSS distribution and flow structure. They compared the CFD
modeling results using the inlet subject-specific 3D velocity profile obtained from
Phase-contrast magnetic resonance imaging (MRI) data with that of using the inlet
axial or idealized velocity profile. The results of their work show that imposing the
axial inlet velocity profile may capture accurate WSS distribution; however, helical
flow structures are highly influenced by the boundary condition assumptions. They
concluded that enough attention should be considered while setting the idealized or
axial MRI inlet velocity profile as the input boundary condition.

Recently, Pirola and colleagues [77] presented a methodology for hemodynamic
simulation of aortic dissection using fully patient-specific boundary condition. They

used 4D flow MRI and Doppler-wire pressure measurements for pre- and post-operation
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Table 2.2: Various phases of the cardiac cycle and their corresponding mechanical events, table
adapted from [76]

Phase of cardiac cycle | Mechanical event

End diastole Atrial contraction

Early systole [sovolumic ventricular contraction,
tricuspid motion towards right atrium

Mid-systole Atrial relaxation
Late systole Systolic filling of atrium
Early diastole Early ventricular filling

cases to specify the patient-specific boundary conditions. More recently, Xu et al. [7]
in 2020 extracted time-varying velocity vectors, including the trans-plane normal and
in-plane tangential velocity components from patient-specific MRI data. They uti-
lized this patient-specific data as the aortic inlet velocity boundary condition in their
work. To insert this velocity profile into the mesh model of the aorta, they applied
an in-house code written in MATLAB. They also imposed the volumetric flow rate
waveforms obtained from patien’s MRI data for each of the aortic arch branches,
and Neumann type free outflow boundary condition in the descending aorta. They
declared that although the results of the outflow rate at the descending aorta were
available via MRI data, they preferred to use the mentioned boundary condition
because: 1) Neumann type free outflow boundary condition can absorb potential nu-
merical errors while the Dirichlet boundary conditions are applied on the inlet and
three outlet branches, and 2) under in vivo condition, the wall deformation causes

the aortic model to tolerate the phase lag between the input flow waveform and the
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summation of output flow waveforms, while in their computational model, the aortic
wall was assumed to be rigid, and thus this assumption makes this model unable to
tolerate the mentioned lag.

As discussed above, some studies mentioned the importance of using the patient-
specific boundary conditions in CFD simulation results. However, patient’s data
acquisition contains challenges like the limitations, pitfalls, and the invasive nature of
some of the imaging modalities and clinical tools that hinder utilizing patient-specific
boundary conditions to apply in many case studies. The next chapter will shed more
light on the pros and cons of imaging modalities used to assess the coarctation of the
aorta. In addition, the descending aorta, where the coarctation site of the present

study is located, is reported to be less sensitive to the inlet velocity profile [77].

2.4 CFD Modeling Techniques

Improvements in the imaging techniques have enabled researchers to investigate the
hemodynamics in the aorta. An in vivo feasibility study of the turbulent blood flow
in the aorta was first performed by Stein and Sabbah in 1976 [78]. They employed
the catheter-tip hot-film velocity probe to measure instantaneous point velocity in
the ascending aorta in seven healthy cases and eight patients. In their study, the
maximum Reynolds numbers were between 5,700 and 10,000 during peak ejection in
normal cases, while the blood flow showed turbulence behavior in almost the whole
ejection period in each of the patients [78]. Despite the sufficient spatial resolution
and frequency response of the hot film anemometry, the invasive direction-sensitive
nature of this technique encouraged researchers to use the Doppler ultrasound imag-

ing technique [79]. Segadal and Matre investigated the blood velocity profile in the
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human ascending aorta using a Doppler ultrasound in 1987 [80]. Magnetic resonance
technique has been widely used for the flow assessment in the aorta [81, 82, 83]; how-
ever, this imaging technique is associated with some complications such as producing
artifacts caused by the implanted metal stent and the need for long breath-holding.
More details on various imaging modalities used for assessing hemodynamic proper-
ties in the aorta and their pros and cons will be provided in chapter 3. In addition,
ex vivo studies [84, 85], as well as in vitro [86] experiments have been performed to
provide researchers with a better understanding of the vascular blood flow; however,
these models might not accurately represent the in vivo patient-specific criteria. They
are also expensive and demanding [87].

Different CFD modeling techniques have been employed to compensate for the
limitations and pitfalls of imaging techniques, as well as ex vivo and in vitro studies
mentioned above. These techniques have been utilized to study the hemodynamics
in the aorta ranging from models with laminar flow assumption to turbulent ones. A

review on these techniques will be presented in the following sections.

2.4.1 Modeling Techniques Using Laminar Flow Assumption

Reynolds number (puD/u), which represents the ratio of the inertial forces (pu?)
to the viscous forces (pu/D) is a dimensionless parameter used to specify the flow
regime. In this number, p, u, D, and u represent the density, velocity, length scale,
and dynamic viscousity, respectively. To study the blood flow in the aorta, D is the
arterial diameter. The velocity value used in determining the Reynolds number is
the mean velocity value (i.e., volume flux divided by cross-sectional pipe area) [88].

However, in arteries with the unsteady flow, the occurrence of the flow disturbances
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near peak velocity makes the determination of the peak Reynolds number based on the
peak velocity reasonable [89]. In low Reynolds numbers, i.e. Re < 2300, the viscous
forces are dominant, and the flow is laminar. It is reported that in large arteries, the
blood flow is assumed to be laminar in both steady and unsteady flow conditions as
the mean flow velocity is low enough to result in a low Reynolds number [2]. It has
also been reported that although the turbulence takes place at the peak flow velocity,
laminar flow is seen in the rest of the cardiac cycle [4], justifying the adoption of
laminar flow assumption in the hemodynamic modeling of the aorta in literature.

In 2005, Morris et al. applied the laminar flow assumption in three different re-
constructed geometries of the aorta to study the influence of these models on aortic
hemodynamics [5]. Park et al. [72] in 2007 presented the pseudo-organ boundary
conditions in their laminar computational modeling of the blood dynamics in the
aorta. In 2012, Gallo and colleagues [90] investigated a hemodynamic study of the
aortic blood flow in the human aorta using laminar flow assumption. They employed
the 4D phase-contrast MRI to acquire the subject-specific geometry and flow rate
boundary conditions. They used Fluent code (ANSYS Inc., USA) to solve the gov-
erning equations in the finite volume method. Laminar flow assumption was also
adopted in the work of Morbiducci et al. [75] in 2013. They declared that they did
not apply the turbulence model in their study, even knowing the occurrence of transi-
tional flow regimes in the aorta. Pirola and co-workers [91] assumed the laminar flow
in their patient-specific model of the aorta to investigate the effects of various out-
flow boundary conditions on the simulation results compared with the PC-MRI data.
Recently, Pirola et al. [77] studied the hemodynamics in aortic dissection, pre- and

post-operation cases, using laminar flow assumption and patient-specific boundary
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condition obtained from 4D flow MRI. In addition to the studies mentioned above,
there exist other studies on the aortic hemodynamics using laminar flow assumption
in the literature [20, 92, 93, 94], underscoring the prevalence of adopting this assump-
tion on numerical simulations mainly with the aim of reducing the computational

costs.

2.4.2 Modeling Techniques Using Turbulence Flow Assump-
tion

Despite the occurrence of laminar flow in small arteries, turbulence can take place
in large arteries like the aorta [4]. The occurrence of turbulent blood flow in the
human aorta is of paramount importance as it may cause various pathophysiological
effects [78] like the influence of turbulent blood flow on the onset of the platelet
deposition [95], hemolysis, and endothelial damage [79, 96].

“ A strict definition of turbulent flow is elusive” [78]; however, it is defined (as
reported in [74]) by Hinze as “motion in an irregular condition of flow in which the
various quantities show a random variation with time and space coordinates so that
statistically significant average values can be discerned.” [97] and by Robertson and
Herrick as “Turbulence is an irregular eddying motion in which velocity and pres-
sure perturbations occur about their mean values; these perturbations are irregular
or random, even chaotic, in time and space with components extending smoothly
over an extensive continuous hierarchy of scales or frequencies so that they must be
characterized by statistical means” [98].

Reynolds number is generally used for characterizing the transition from laminar

to turbulence aortic flow in mammals [99]. The critical Reynolds number for the
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occurrence of the transition of a steady flow in a smooth straight pipe is between 2,300
and 4000 [2]. Critical Reynolds number, at which the flow transition from laminar to
turbulent occurs, can be affected by the flow and geometrical characteristics. Pulsatile
nature of blood flow in the aorta can affect the critical Reynolds number; however,
this effect is not fully understood. Some studies report the higher critical Reynolds
number in a steady Poiseuille flow than in a palsating flow upon the same mean
pressure gradient [100], while the others consider the pulsating flow more stable than
the steady Poiseuille flow [101]. Also, it has been reported that pulsatility decreases
the critical Reynolds number to 400 in a circular tube, even without obstruction
during the deceleration phase [87]. It is also documented that obstruction in the pipe
decreases the critical Reynolds number. Thus, the turbulence flow can be observed
in lower Reynolds numbers in the presence of coarctation [78]. It has been concluded
from experiments that the critical Reynolds number can be reduced to 1000 in the
presence of flow disturbance like occlusion [26]. Another study reports the rise in the
possibility of turbulence flow in the presence of arterial stenosis [102]. As a result, it
is believed that turbulence models might be the best choice for modeling the aortic
hemodynamics [2, 103, 104].

Reynolds Averaged Navier-Stokes (RANS) equations were employed in the first
turbulence models. Since a time-averaged solution for the flow is provided by these
equations, they do not require high computational resources to run. They also can
provide information on the mean flow properties, e.g., mean flow wall shear stress.
WSS provided by CFD models acts as an indicator for predicting aneurysm rupture,
thrombus formation, and disease progression [105]. More details on the concept and

application of WSS will be presented in the following chapters.
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Ghalichi and colleagues in 1998 investigated the flow in a pipe with the coarctation
indexes of 0.5, 0.75, and 0.86 using Wilcox low-Re k—w turbulence model [106]. They
employed a steady flow assumption in their work. They justified this assumption by
indicating that blood flow during the diastolic phase, which occurs approximately
over 75% of the whole cardiac cycle, is relatively constant. They reported that the
transitional or turbulent flow could take place after the obstruction, even in mild
stenosis. In 2003, Varghese and Frankel [107] employed FLUENT code to solve the
pulsatile flow in stenotic vessels. They used four different turbulence models: low
Reynolds number k£ — w turbulence model, low and high Reynolds number versions of
the renormalization-group theory k — ¢ model, and the standard &k — ¢ model. They
found that the first-mentioned model was in better agreement with the experimental
measurements than the other three turbulence models. Ryval et al. [108] studied
pulsatile flow in a stenosed tube using Wilcox’s k& — w model In 2004. They chose
this model as they believed in its ability to predict the laminar, transitional, and
turbulent regimes. In 2009, Xiao and Zhang [87] applied the low Reynolds number
k—w turbulence model to investigate the effects of geometry on arterial hemodynamics
in a cardiac cycle. One year later, Menter’s Shear Stress Transport (SST) turbulence
model, which is a combination of k — w turbulence model used in the inner region of
the boundary layer and k — e model used in the free shear flow, was applied by Cheng
et al. [20] using ANSYS CFX. They studied hemodynamics in a patient with aortic
dissection and found the qualitative agreement between the WSS distribution of the
laminar flow simulation and that of the turbulence model; however, the results of
WSS using the turbulence model showed remarkedly higher magnitude than that of

the laminar flow assumption. SST was also applied by Benim and colleagues [109] in
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2011 to study the aortic hemodynamics in an idealized geometry. In this year, Lantz
et al. [23] also applied SST model to study the WSS in a subject-specific human
aorta. In the same year, Keshavarz-Motamed et al. [22] performed the experimental,
numerical, and mathematical study on the hemodynamics of the human aorta in
the presence of coexisting models of bicuspid aortic stenosis and coarctation of the
aorta. For the experimental study, they investigated the MRI measurements in an
in vitro flow model to obtain the instantaneous flow rates. Numerical study was
performed using finite volume method and the transitional k¥ — w turbulence model.
Left ventricular and aortic pressure and stroke work were obtained using LPM in
their study. In another work, Keshavarze-Motamed et al. [28] employed k& —w model
to investigate the effects of bicuspid aortic valve on the coarctatoian of the aorta in
vitro.

Despite the ability of RANS models in providing the time-averaged hemodynam-
ics, it lacks the dynamic behavior of complex blood flow in the aorta. It is because the
pulsatility of the blood flow, as well as the relatively low Reynolds number, prevent
the blood flow in the aorta from the well-developed high-Reynolds-number turbulent
flow, while RANS models are well suited for the last mentioned flow [102]. On the
other hand, direct numerical simulation (DNS) provides all the spatio-temporal infor-
mation of the flow; however, they are restricted to simple geometries and require high
computational resources. Large eddy simulation (LES), which is a scale-resolving
turbulence model, might be more appropriate to model the aortic hemodynamics as
it has finer resolution compared with RANS models and less required computational

resources compared with the DNS model [2, 102]. In the LES approach, which lies
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between DNS and RANS models, only large eddies are resolved temporally and spa-
tially. These large eddies are energy-containing scales separated by explicitly filtering
the Navier-Stokes equations from the subgrid scales (SGS) that are required to be
modeled [110]. The rise of the computational cost with the increase of the Reynolds
number is the limitation of the LES model, restricting the application of this model to
moderately high Reynolds number turbulent flows. However, the Reynolds number
of blood flow in the aorta is around O(10*), leading to affordable computational costs
using the LES model [102].

LES model was first employed to study the flow behavior in idealized geometries.
In 2001, Mittal and colleagues [102] studied the pulsatile flow behavior in a modeled
arterial stenosis using the LES model. Their model of stenosis contained a one-sided
50% obstruction in a planar channel. They used the LES model to simulate the
flow dynamics resulted from the varied time-varying sinusoidal boundary flux. They
discussed the potential implementation of vortex shedding for non-invasive diagnosis
of arterial obstruction. They tried to show the ability of the LES model in studying
the hemodynamics in arteries. In 2008, Varghese et al. [111] investigated the ability
of a host of turbulence models, including LES, to predict the flow behavior through
an eccentric stenosed pipe. Their findings indicated the more promising results of the
LES model for accurate prediction of the transitional stenotic flows. One year later,
Paul et al. [18] reported the study of pulsatile blood flow using the LES model in a
3D model of the stenosed artery. Their findings show the importance of using the
LES approach in modeling the blood flow. In another study, Tan and co-workers [112]
in 2011 compared the ability of the LES model and RANS models in predicting the

transitional flow in the 75% stenosed axisymmetric experimental model of the artery
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as well as in an eccentric stenosed model. The results demonstrated the power of
LES methods in predicting the transitional flow in a stenosed pipe. Another study
was performed in 2015 by Gaedhagen et al. [113] studied the hemodynamics in a
generic model of the aorta with CoA and post stenotic dilation. They considered
the pulsatile inlet velocity profile in their study. Their focus was on the role of
hemodynamics in the successful CoA repair. They indicated that flow disturbances
or direct jet impingement on the vessel wall might lead to the post stenotic dilatation.

In 2012, Lantz and colleagues [26] applied the LES model to measure the hemo-
dynamics in a subject specific human aorta. They employed MRI to take the ge-
ometry and velocity boundary condition in their study. They found high WSS near
the aortic arch branches, while low WSS values were observed in the inner curva-
ture of the descending aorta in their research. In the same year, Lantz et al. [114]
investigated the relationship between the WSS and low-density lipoproteins (LDL)
surface concentration. It is documented that the increased LDL concentration on
the arterial wall promotes the accumulation of cholesterol in the intima later of large
arteries [115, 116]. They found that WSS and LDL surface concentration correlate
in a way that wall regions with low WSS correspond to areas of high LDL surface
concentration and vice versa. One year later, Lantz et al. [117] compared the results
of numerical analysis using the LES model with the MRI data in a 63-year old female
patient with CoA before and after the catheter intervention. Balloon angioplasty
without stent deployment was performed to dilate the coarctation in this patient. A
good qualitative and quantitative agreement was found between the CFD results and
MRI measurements for turbulent kinetic energy (TKE). Their finding indicated that

even with the increase of Reynolds number and flow rate, the total TKE decreased
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after the intervention. They found that the flow jet formed at the site of the coarc-
tation was weaker after the intervention. In 2015, Andersson et al. [118] derived the
patient-specific geometry and flow conditions from MRI data to study the pulsatile
flow by LES method in a CoA patient. They investigated the TKE and flow eccen-
tricity in pre- and several virtual follow-up intervention cases. These evaluations can
help to assess the severity of the coarctation through MRI measurements. They found
the inverse asymptotic correlation between the total value of TKE and the degree of
dilation of the coarctation. They indicated that with the combination of MRI and
CFD frameworks, it could be possible to provide a platform for improving the patient-
specific CoA therapy. In 2016, Motamed et al. [60] developed a CFD model using the
LES and LPM framework by studying 34 patients with mild coarctation of the aorta
to investigate the effects of the transcatheter intervention on left ventricular function
and aortic hemodynamics. Hemodynamic assessment in human aorta via CFD sim-
ulations have been performed in other works like in [119] with the FSI model and
in [41] using the Lattice Boltzmann method (LBM). However, limitations of imaging
modalities, in vivo measurements, and CFD techniques make it challenging to obtain
the fully patient-specific data of the hemodynamics in the human aorta for clinical

applications.

2.5 Summary

This chapter was aimed to present a review on the blood rheology, boundary condi-
tion, and modeling techniques in CFD studies in the literature. It can be concluded
from the literature that: (1) considering the blood as a homogenous incompressible

fluid with the Newtonian behavior is a reasonable assumption in large arteries like
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aorta, (2) patient-specific geometry, as well as time-varying patient-specific boundary
conditions are required to obtain realistic results through modeling the hemodynam-
ics of the patient’s aorta, (3) LES, is a suitable approach in terms of computational

costs and accuracy to predict the turbulence flow in the human aorta.
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Chapter 3

Clinical Background

The objective of this chapter is to provide readers with some background information
on the biological aspect of this study. First, the function of the heart and circulatory
system are explained, and the cardiac cycle and its various phases are illustrated.
Next, the anatomy and function of the aorta are discussed in brief. Then, the coarc-
tation of the aorta is defined, and pathogenesis and various types of this disease are
explained. Finally, the current treatments for the coarctation of the aorta and their

advantages and risks are described briefly.

3.1 The Heart and Circulatory System

Blood circulatory system and lymphatic system are two main circulatory systems in
the human body. They are responsible for transferring dissolved or suspended sub-
stances in the liquid from one part of the human body to another part through vessels.
In the blood circulatory system, blood is transported from the heart to the capillaries

through the arterial system. In contrast, the venous system is responsible for carrying
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the blood from the capillaries to the heart. The blood circulatory system comprises
three types: systemic circulation, pulmonary circulation, and portal system. The first
two mentioned systems need the heart as a pump to push the blood. The systemic
system can be divided into two parts: the systemic arterial system, which carries
oxygenated blood from the heart to the body organs, and systemic venous system,
which carries deoxygenated blood from organs to the heart. The pulmonary system
consists of two parts: pulmonary arterial system in which deoxygenated blood is car-
ried from the heart to the lungs, and pulmonary venous system in which oxygenated
blood is transferred from the lungs to the heart. In the portal system, specific vascu-
lar channels are responsible for carrying the substances by connecting two capillary
systems. A schematic illustration of the systemic and pulmonary systems is presented
in Figure 3.1. [120]

The heart receives the blood through systemic and pulmonary venous systems
and pumps the blood through systemic and pulmonary arterial systems, shown in
Figure 3.2. The heart has four chambers: left atrium (LA), left ventricle (LV), right
atrium (RA), and right ventricle (RV). On the left side of the heart, LA receives the
oxygen-rich blood from the lungs through the pulmonary veins and ejects the blood
to the LV through the mitral valve (MV). Then, LV pumps the oxygen-rich blood to
the body organs through the aortic valve (AV) and Aorta. On the right side of the
heart, returning deoxygenated blood from the body organs fills the RA through vena
cava and travels through the tricuspid valve (TV) to the RV. Next, the deoxygenated
blood leaves the RV to the pulmonary artery by crossing the pulmonary valve (PV).

The cardiac cycle describes the changes that happen during every heartbeat [121].

A single cardiac cycle consists of two phases: systole and diastole. In the systolic
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Figure 3.1: Schematic drawing of the systemic and pulmonary systems

phase, the contraction of heart muscles pumps the blood out of the heart, while
during the diastolic phase, the blood refills the heart when the heart muscles are
relaxed. Figure 3.3 shows the pressure-volume loop of the LV in a cardiac cycle. This
diagram can display the ventricular function. However, the shape of the pressure-
volume loop may alter with changes in parameters such as myocardial compliance,
and valvular and myocardial diseases [122]. Mechanical events that occur in the left
ventricle are in correlation with points and stages in the pressure-volume loop of the
left ventricle. These events are described in the following.

As illustrated in Figure 3.3, the opening of the MV (point A) in the diastolic
phase (filling stage) makes the filling of the LV with the blood from LA possible.

In the rapid-filling phase, the elastic recoil of the ventricle exerts suction and cause
pressure to fall. This stage continues by the slow-filling phase (diastasis) in which the
pressure increases due to the venous pressure. Then, the atrial contraction fills the

ventricle until reaching to the mitral valve closure (point B). [124]
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Figure 3.2: Schematic cross-section view of the human heart, picture adapted from [123]

The systolic phase begins with the closure of the MV (point B). In this stage,
isovolumic contraction occurs while both AV and MV are closed. The increase in the
pressure happens as a result of the contraction of the ventricular muscles [4]. At the
end of this stage, the ventricular wall tension reaches the highest value right before
the opening of the AV [122].

The opening of the AV (point C) occurs when the blood pressure in the LV
reaches that of the artery. In this stage, LV ejects the blood to the aorta, and the
blood volume in the LV decreases to reach the point in which AV closes (point D).
This point is the end of the systolic phase. Point D is the start of the diastolic phase
when the muscles of the LV start to relax. Since both of the AV and MV are closed,
no change in the blood volume in the left ventricle occurs. Diastolic phase continues
by the pilling phase (point A to point B) as described above.

Figure 3.4 provides more information on the pressure, volume, and velocity changes

versus time in the LV, aorta, and LA. As shown in this figure, the blood velocity in the
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Figure 3.3: Pressure-volume diagram of the LV over one cardiac cycle

aorta first increases in the ejection stage, and then roughly decreases until reaching
the isovolumic relaxation stage. While the oscillation in the aortic blood velocity can
be seen at the end of the ejection phase in Figure 3.4, other references such as [121]
reported similar oscillations in the blood velocity of the aorta even in the isovolumic

relaxation and isovolumic contraction stages.

3.2 Anatomy and Function of the Aorta

Aorta is the largest artery in the human body. It is responsible for supplying the
oxygenated blood from the left ventricle to the systemic arterial system. It starts from
the aortic valve and goes through the abdomen up to the start of the bifurcation of the
common iliac arteries [126]. Aorta can be divided into the thoracic and abdominal
aorta. Thoracic aorta consists of four parts: aortic root, ascending aorta, aortic

arch, and descending aorta. Abdominal aorta comprises suprarenal and infrarenal
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parts [127]. The aortic valve is the starting point of the aortic root, and coronary
arteries branch off the aortic root to supply the cardiac muscles with oxygen-rich
blood. Ascending aorta starts from the sinotubular junction, which is a boundary
that separates the aortic root from the tubular ascending aorta, and ends just prior
to the ostium of the brachiocephalic artery (BCA) [127]. The aortic arch starts from
the ostium of the brachiocephalic artery and extends to the isthmus [127]. Isthmus
of the aorta is the final part of the aortic arch. It gets its name from the narrowing
(isthmus) of this part caused by a reduced bloodstream in fetal life. Descending aorta
denotes the part of the aorta which begins from distal to the isthmus and expands to

the diaphragm. Anatomy of the aorta and aortic arch branches is shown in Figure 3.5.

3.3 Coarctation of the Aorta

Considering the importance of the aorta in supplying the body organs with oxygen-
rich blood, malfunctioning of the aorta can be fatal. Coarctation of the aorta is
among the aortic diseases that influence the function of the aorta. This section aims
to give some information on the coarctation of the aorta, as a congenital heart dis-
ease, including its definition, pathogenesis, various types, clinical features, diagnostic

principles, and current treatments.

3.3.1 Definition and Prevalence

Congenital heart defects (CHD) are among the most prevalent conditions of birth
defects, with an abundance of around 1% of all live births [128]. Coarctation of the

aorta (CoA), also known as aortic coarctation or aortic narrowing, is a congenital
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Figure 3.5: Anatomy of the aorta and aortic arch branches, picture adapted from [129]

heart disease whereby ascending aorta, aortic arch, descending aorta, or abdominal
aorta witnesses localized constriction. However, the most prevalent site of the pres-
ence of CoA is distal to the ostium of the left subclavian artery at the location of
ductus arteriosus. It is reported that CoA is commonplace between 5% and 8% among

the whole CHD [130, 131, 132, 133].
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3.3.2 Pathogenesis

During fetal life, it is not air but amniotic fluid which fills the non-functioning lungs.
During this time, oxygenating the blood occurs in the placenta prior to returning to
the body. A tiny blood vessel called Ductus arteriosus serves as a connection between
the trunk of the pulmonary artery and descending aorta, allowing the oxygenated
blood from the right ventricle to bypass the lungs and enter the aorta. Within the
first three months after birth, the closure of the lumen of ductus arteriosus turns it
into the ligamentum arteriosum, which is a narrow tissue. Patent ductus arteriosus
(PDA) is a condition in which ductus arteriosus fails to close after birth. [134]
Despite considerable research on the CoA, the pathogenesis of this disease is not
fully understood. However, two classical theories are trying to explain this phe-
nomenon: (1) ductus tissue theory of CoA, and (2) Hemodynamic theory of CoA.
These two theories are related to the function of ductus arteriosus. The first the-
ory explains that the CoA is the result of the contraction of the smooth aortic wall
muscle that occurs alongside the closure of the ductus arteriosus. The result of this
procedure is the tubular contraction of the aortic arch and ascending aorta. The
second theory aims to explain the CoA using the hemodynamic pattern during fetal
life. At this time, posterior aortic shelf, which is located in front of the orifice of the
ductus arteriosus, divides the ductal bloodstream into two parts: cephalad stream
that supplies the head and arms by passing through the rather hypoplastic aortic
isthmus, and descending stream that transfers the blood to the lower extremities by
passing through the descending aorta. Figure 3.6 (a) shows these two bloodstreams
via arrows. During late fetal life, the output of the LV increases, which results in the

dilation of the aortic isthmus and bypassing the obstruction of the posterior aortic
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shelf (Figure 3.6 (b)1). Failure in the dilation of the aortic isthmus leads to pre-
ductal coarctation in infants. This type of coarctation is often accompanied by the
patent ductus arteriosus (PDA) (Figure 3.6 (b)2). By the expansion of lungs after
birth, pulmonary vascular resistance decreases, and systemic vascular resistance rises.
These changes result in the closure of ductus arteriosus and turn this trunk into the
ligamentum arteriosus (Figure 3.6 (c)). Failure in the involution of the posterior shelf
results in a juxtaductal coarctation of the aorta shown in Figure 3.6 (d). This type

of CoA can be seen with and without PDA, as shown in Figure 3.7. [135]

3.3.3 Various Types

Various types of the coarctation of the aorta can be classified in two ways: based on
the location of the coarctation, and based on the severity of the coarctation. Regard-
ing the classification of CoA based on its location, three different types of coarctation
can be considered: (1) preductal type in which coarctation can be seen in the aortic
arch and ascending aorta, (2) juxtaductal coarctation wherein the coarctation occurs
near the location of ductus arteriosus, and (3) postductal coarctation in which the
coarctation is distal to the site of the ductus arteriosus. Coarctation of the aorta can
also be categorized in terms of the severity of the obstruction. In this classification
method, the coarctation index is defined as the ratio of aortic diameter at the coarc-
tation site to that of at the normal site. In this way, the coarctation severity can be
considered as mild, moderate, or severe for the coarctation index of more than 0.65,

between 0.5 and 0.65, or less than 0.5, respectively. [136]
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Figure 3.6: Pathogenesis of CoA: (a) bloodstream during fetal life in ductus arteriosus and aorta,
(b)1 dilating the aortic isthmus, and bypassing the obstruction of the posterior shelf due to the
increase in left ventricular output in late fetal life, (b)2 infantile/preductal coarctation type with
patent ductus arteriosus caused by the failure in the dilation of the aortic isthmus in late fetal life,
(c¢) closure of ductus arteriosus after birth, (d) formation of the juxtaductal coarctation due to failure
in the involution of the posterior shelf [135]
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(a)

Figure 3.7: CoA with (a) and without (b) PDA [135]

3.3.4 Clinical Features

In coarctation of the aorta, the higher workload is imposed on the left ventricle to
push the blood across the coarctation site, resulting in the need for higher pressure in
the case of CoA. The pressure gradient along the coarctation site results in hyperten-
sion proximal to the obstruction site as well as hypotension below the coarctation site.
This pressure discrepancy between the upper and the lower parts of the body leads to
bounding pulses in the arms and neck as well as weak pulses in the lower extremities.
High blood pressure in upper extremities may cause dizziness, headache, nosebleed,
and left ventricular hypertrophy. The latter is the situation in which the left ventric-
ular walls become larger and thicker due to high blood pressure. Low blood pressure
after the obstruction site causes weakness, pallor, and coldness in lower parts of the
body. Enlargement of collateral vessels, as well as dilation of intercostal arteries, are
responses of the body to this situation. The sequelae associated with untreated CoA

include a higher risk of stroke and a ruptured aneurysm. [137]
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3.3.5 Diagnostic Principles

Diagnosis of the coarctation of the aorta, as the first step towards treatment of this
disease, is of paramount importance. The diagnostic methods for the CoA can be di-
vided into two main categories: invasive and non-invasive techniques. The mentioned
techniques can assess the severity of the coarctation in terms of the geometry, or the
hemodynamics of the aorta. These methods are explained in the following.

Doppler echocardiography (DE) is the first choice of imaging modalities to di-
agnose the coarctation of the aorta. Through this cheap, non-invasive method, the
visualization of the coarctation site is feasible. It can also provide more information
on the other potential cardiac pathologies such as left ventricular hypertrophy or
bicuspid aortic valve (BAV) [131], which their occurrence with the coexistent CoA
is not unusual [130]. DE can also be used for the estimation of the instantaneous
peak-to-peak pressure gradient via the simplified Bernoulli equation (equation 3.1).
The assumptions of steady, continuous, non-viscous, irrotational flow are used in this

equation:

AP =4 (V7 -7 (3.1)

where V1 and V2 are the peak flow velocities (with the unit of m/s) proximal and
distal to the site of the coarctation, respectively [138, 139, 140]. The number 4
(with the unit of mmHg.s?/m?) in this equation is used to convert the result of the
right-hand side of the equation from Pa to mmHg. Although doppler gradients may
be helpful in the diagnosis of CoA via the equation mentioned above, the results of
this equation are not reliable due to the collateral blood supply before and after the

intervention [136]. Errors associated with the inappropriate position of the image
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plane and operator dependence are among the issues that can affect the accuracy of
the obtained results through DE [132].

Sphygmomanometry is a non-invasive, cheap, and fast method of choice for the
initial assessment of the severity of the CoA. Since the pressure gradient more than
20 mmHg is the hallmark of the presence of the coarctation, this device is being
employed to measure the arm-to-leg pressure difference. In this way, the pressure
difference of more than 20 mmHg between the maximum systolic blood pressures in
arms and legs is considered as an indicator of the CoA. However, studies report the
inaccuracy of this method of choice in the assessment of the severity of the CoA and
restenosis due to issues like collateral circulation [141, 142].

The gold standard for assessing pressure gradient across the coarctation site is car-
diac catheterization and angiography (CA). High-resolution images of the aorta can
be provided through this invasive method. The indicator for the presence of coarcta-
tion is the peak systolic pressure gradient of more than 20 mmHg [131, 133, 143, 144].
Aortic angiography can be utilized to specify the coarctation site, severity, and other
related vascular abnormalities [144]. Although a high prevalence of recurrent aortic
coarctation ( in up to 42% of patients [142]) underscores the importance of frequent
follow-up examinations, the invasive nature of this procedure makes multiple uses of
this method difficult or even impossible for follow-up tests.

Computed tomography (CT) is another technique in which the acquisition of high
spatial resolution data allows for assessing the anatomic characteristics of the aorta
such as site, severity, and extent of the coarctation. It also enables us to reconstruct
the vascular anatomy. However, this is an invasive method of choice containing radia-

tions that makes the multiple uses of this method for follow-up purposes problematic.
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Besides, hemodynamic information of the blood flow can not be obtained by CT. [132]

Cardiac Magnetic resonance imaging (CMRI) is the preferred non-invasive tech-
nique for the diagnosis and follow-up of the coarctation of the aorta. Three-dimensional
gadolinium-enhanced CMR angiography can provide accurate information on the
morphology of the aorta as well as the site and severity of the obstruction. It can
also determine the formation of the collateral blood vessel. Analysis of LV function
and myocardial mass is feasible through cine MRI, while the estimation of trans-
coarctation pressure gradient and collateral flow calculation can be obtained using
phase-contrast magnetic resonance imaging (PC-MRI). Recently, flow and pressure
fields can be obtained using four-dimensional flow cardiac magnetic resonance (4D
flow CMR). However, the need for the breath-holds during long acquisition time in
CMR hampers its utilization in small children and claustrophobic patients. Further-
more, artifacts produced by the implanted metal stent is another restriction of this

imaging modality for follow-up examinations. [132]

3.3.6 Methods of Treatment: Surgical Treatments

Coarctation of the aorta is fatal if it remains untreated. It is reported that it leads
to death in 75% of unoperated cases by the age of 46, with a mean survival of 35
years [133], underscoring the importance of therapy in CoA patients. One of the
main methods of treatment for CoA is surgical repair. Surgical treatment of the
CoA comprises three main methods: resection of the obstruction with end-to-end
anastomosis, patch graft aortoplasty, and subclavian flap aortoplasty. The patient’s
age, the anatomy of the aorta and coarctation, and the surgeon’s preference are

parameters that determine the type of surgical treatment [145].
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Figure 3.8: Schematic of classic end-to-end anastomosis for surgical repair of CoA [145]

The introduction of surgical repair of CoA was in 1944 through direct end-to-
end anastomosis [146]. During classical resection of the obstruction with end-to-
end anastomosis, the distal and proximal parts of the blockage are excised and then
connected together, as shown in Figure 3.8. In this method, the subclavian artery
remains unchanged; thus, it can function normally. For many young infants and
neonates, severe aortic arch hypoplasia coexists with CoA. For them, the extended
end-to-end anastomosis is employed in which two longitudinal cuts are made on the
undersurface of the aortic arch and lateral aspect of the lower aorta. Then, two
ends of the aorta are connected together. This method of treatment is illustrated in
Figure 3.9. Using this method, obstruction and hypoplasia can be treated without
the need for the prosthetic material that cannot grow. [145]

Patch graft aortoplasty was first introduced in 1957 [147]. This procedure is
useful in cases with long-segment stenosis. During this procedure, the aorta is incised
from the ostium of the left subclavian artery and through the obstruction site to

the proximal descending aorta. Then, a prosthetic graft is placed in the region of
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(a) (b)

Figure 3.9: Schematic of extended end-to-end anastomosis for surgical repair of CoA: (a) incision
for surgical repair, (b) repaired coarctation [145]

the removed segment (Figure 3.10). However, this method of treatment is associated
with a rise in the risk of post-operation aneurysm formation. [145]

Subclavian flap aortoplasty is another surgical treatment for CoA (Figure 3.11)
proposed in 1966 [148]. In this procedure, the left subclavian artery is ligated before
the ostium of the vertebral artery. Next, the left subclavian artery is incised through
the coarctation to the lower aorta. Then, the incised flap of the left subclavian artery
is utilized to augment the incised segment of the aorta. This method of treatment
has the ability to repair the long-segment stenosis without using a prosthetic graft.
However, this procedure is associated with the decreased flow to the left upper organs

due to ligating the left subclavian artery [145].
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Figure 3.10: Schematic of patch graft aortoplasty repair for CoA: (a) site of the incision for patch
graft aortoplasty shown by a dashed line, (b) incising the site of stenosis, (c¢) suturing prosthetic
graft for patch aortoplasty [145]

G4
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Figure 3.11: Schematic of the subclavian flap aortoplasty for the treatment of CoA: (a) site of
incision shown by a dashed line, (b) repaired coarctation by flap aortoplasty treatment [145]
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3.3.7 Methods of Treatment: Interventional Treatments

Interventional treatments for repairing CoA include balloon angioplasty and stent
deployment. Balloon angioplasty is a common method of choice in the treatment of
recoarctation that has shown promising results. It was first proposed to treat the na-
tive coarctation in 1982 [149]. Although this method of treatment is considered safer
in repairing the recoarctation than in the native coarctation, some studies indicate
similar results in both categories [150]. Balloon angioplasty is a minimally invasive
procedure in which a long thin hollow tube called catheter is inserted into the artery
and guided to the coarctation site. The catheter is accompanied by a balloon that is
inflated to widen the coarctation. Then the balloon is deflated, and the catheter is
removed from the artery. The complications associated with balloon angioplasty are
similar for both native and recurrent coarctation. These complications include early
complications like site injury and aneurysm formation, and late complications such
as aneurysm formation and development of hypertension [145].

Stent deployment is the newest treatment of choice in patients with recurrent
coarctation after surgical treatment or balloon angioplasty, long-segment obstruc-
tion, or patients with a high risk of surgery. It was first introduced in 1991 to repair
the CoA [151]. Figure 3.12 illustrates the procedure of stent placement. During this
procedure, a stent, which is a small wire-mesh tube, is inserted into the artery using
a catheter. This stent is expanded by the expansion of the balloon and left inside the
vessel wall to help keep the wall open. Stent deployment causes less damage to the
vessel wall in comparison with balloon angioplasty. That is because the stent does
not need to overdilate the vessel to eliminate the obstruction, and also it supports the

vessel wall structure [152]. However, this method of treatment is not recommended
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Figure 3.12: A schematic of stent deployment for the treatment of the CoA: (a) insertion of a balloon
catheter with a stent in the coarctation site, (b) balloon expansion for widening the obstruction, (c)
balloon deflation and retrieving the catheter, picture adapted from [153]

for children due to growth issues. Aortic rupture or dissection, stent fracture, in-
complete stent expansion, stent migration, and aneurysm formation are among the

complications associated with stent placement, necessitating long-term follow-up to

assess the treatment outcome [145].

3.4 Summary

In this chapter, the blood circulatory system and anatomy of the aorta were described
to provide readers with some background knowledge on the clinical aspects of this
thesis. Next, the coarctation of the aorta and available treatment of choices for
this disease were discussed. Also, the advantages and risks associated with these
treatments were explained. The limitations of each imaging modality of choice were
discussed to underscore the importance of CFD study in assessing the severity of
CoA, evaluating treatments, and deciding about the timing of intervention. The next

chapters are allocated to show the ability of a CFD model in this regard.
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Chapter 4

Modeling and Methodology

This chapter is allocated to present the geometries, initial conditions, and bound-
ary conditions utilized in this study. Next, the meshing method is illustrated, and
the numerical errors are investigated for the pre- and post-intervention cases. AN-
SYS Workbench 2020 R was used to generate the mesh, and all the simulations were
run on a Compute Canada’s national cluster called Graham using OpenFoam and
swak4Foam library. OpenFoam is an open-source CFD tool in which the cell-centered
finite volume method is used to formulate the governing equations. swak4Foam is a
library used for importing the patient-specific transient pulsatile boundary condition.
The name of this library stands for SWiss Army Knife for Foam. Large Eddy Sim-
ulation (LES) — one equation model is utilized in this study to solve the governing
equations. This model can simulate flows with large recirculation zones. As the blood
flow in the aorta is dominated by the separation and recirculation regions, this model
is an appropriate one to simulate the transient blood hemodynamics in the aorta. In
this method, filtered conservation equations are used to resolve eddies larger than the

grid scale. On the other hand, the motions below the size of the mesh are modeled
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using a sub-grid scale model called one equation model. In this model, viscosity in the
Navier-Stokes equations consists of molecular viscosity (v) and sub-grid scale viscos-
ity (vsgs). Molecular viscosity is a property of the fluid material, while the sub-grid
scale viscosity is a property of the turbulent flow. Sub-grid scale turbulent kinetic
energy (ksgys), which is a function of velocity oscillations below the grid size, is utilized
in the calculation of sub-grid scale viscosity. ks4s is defined by sub-grid scale model.
In one equation model, a transport equation for (k) is used by the solver to find
the Sub-grid scale turbulent kinetic energy. The backward time scheme, which is a
second-order implicit scheme, was applied for the temporal discretization. Also, dis-
cretization in space was performed using the second-order scheme. Segregated PISO

algorithm was used to solve the mass-momentum equations in this study.

4.1 Patient-Specific Pre- and Post-intervention Ge-
ometries

Obtaining the computational domain is the first stage in the CFD study of hemo-
dynamics in the human aorta. There are some studies on the hemodynamics in the
aorta using the idealized geometries. In some of them, the blood flow is simulated in
the pipe [154, 155, 156]. However, in most of the computational works with idealized
geometries, patient-specific geometries obtained from the medical imaging data with
some assumptions were employed to model the blood flow in the aorta. These as-
sumptions consist of disregarding the aortic arch branches, considering the constant
diameter throughout the trunk and circular cross-section area [2]. However, most re-

cent computational studies utilized patient-specific geometries of the aorta obtained
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Table 4.1: Typical dimensions of the aorta in adults [3]

Diameter (mm) | Length (cm)
Ascending aorta 25 in the inlet 5
Aortic Arch - 4-5
Brachiocephalic Artery 12 in the ostium | -
Left Common Carotid Artery 7 in the ostium | -
Left Subclavian Artery 9 in the ostium | -
Thoracic Aorta 15 in the outlet | 20

from medical imaging data. In this work, the aorta’s patient-specific geometries be-
fore and after the intervention are employed without any simplification using the CT
images.

Dimensions of the aorta are in strong correlation with parameters like age, body
surface area (BSA), height, and weight [157, 158]. However, the approximate dimen-
sions related to this study for various parts of the aorta in adults (obtained from
[4]) are listed in Table 4.1 for the sake of comparison with the patient-specific di-
mensions in the present study. The areas related to the inlet (Ascending aorta) and
outlet boundaries (Outlet 1: Brachiocephalic Artery(BCA), Outlet 2: Left Common
Carotid Artery (LC), Outlet 3: Left Subclavian Artery (LS), and Outlet 4: Descend-
ing Aorta (DAo)) for the patient’s aorta before and after the intervention and their
corresponding diameters are summarized in Table 4.2. Figure 4.1 shows front and
back views of the patient’s aorta in pre- and post-intervention states using the ANSY'S
Workbench 2020 R.

The coarctation index, defined as the ratio of aortic diameter at the coarctation
site to that of at the normal site, is utilized to assess the severity of the obstruc-

tion. The coarctation severity can be considered as mild, moderate, or severe for
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Figure 4.1: Front view (a) and back view (b) of the patient’s aortic geometries before the intervention
- front view (c) and back view (d) of the patient’s aortic geometries after the intervention using
ANSYS Workbench 2020 R
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Table 4.2:  Surface areas and their corresponding diameter for boundaries in pre- and post-
intervention

Pre-intervention Post-intervention

Area (m?)  Corresponding — Area (m*)  Corresponding

Diameter (mm) Diameter (mm)
Inlet 6.4222 E-4 28.59 6.2559 E-4 28.22
QOutlet 1 1.5861 E-4 14.21 2.0295 E-4 16.07
Outlet 2 5.8432 E-5 8.62 5.0643 E-5 8.03
Outlet 3 3.2333 E-4 20.29 3.2315 E-4 20.28
Outlet 4  3.6557 E-4 21.57 4.0579 E-4 22.73

the coarctation index of more than 0.65, between 0.5 and 0.65, or less than 0.5, re-
spectively [136]. Based on this definition, the coarctation indexes for the pre- and
post-intervention cases are roughly 0.86 and 0.85, respectively. So, the coarctations in
both pre- and post-intervention cases studied here are categorized as mild coarctation,

and that the post-intervention state is accompanied by the residual stenosis.

4.2 Initial and Boundary Conditions

In the present study, aortic inlet flow enters the ascending aorta, and the outlet flow
leaves the aorta via four outlets: the brachiocephalic artery, left common carotid
artery, left subclavian artery, and descending aorta. The aortic input volumetric
flow rates over one cardiac cycle for the pre-intervention and post-intervention cases
obtained from our in house LPM algorithm [60, 41, 59, 63] are presented in Figures 4.2
and 4.3, respectively. As shown in these graphs, the aortic input flow in pre- and post-

intervention cases are different in several terms: start of the ejection time in which
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Figure 4.2: Tnput flow boundary condition in pre-intervention case obtained from our in house LPM
algorithm [60, 41, 59, 63]
the blood is ejected to the aorta, maximum flow rate, the total ejection time, overall
shape of the diagrams, and the time duration for one cardiac cycle. Presented initial
boundary conditions result in the maximum Reynolds numbers of 4412 and 6199
for pre- and post-intervention states, respectively. The flat spatial velocity profile is
applied to the boundaries in this study.

Our in house LPM algorithm [60, 41, 59, 63| provides the percentage of the flow
exiting from three aortic arch branches, so the rest of the blood flow rate leaves the

trunk of the descending aorta, as shown in equation 4.1.

Qrotal = Q1+ Q2 + Q3 (4.1)

where Q40101 is the volumetric flow rate leaving the three aortic arch branches provided
by our in house LPM algorithm [60, 41, 59, 63]. In the above equation, @1, Q2, Q3

represents the flow rates exiting the brachiocephalic artery , left common carotid
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Figure 4.3: Input flow boundary condition in post-intervention case obtained from our in house LPM
algorithm [60, 41, 59, 63]

artery, and left subclavian artery, respectively. As our in house LPM algorithm [60,
41, 59, 63] does not show the amount of blood flow rate exiting from each of the three
branches in the aortic arch separately, the output flow rate of each of these branches
is calculated using the assumption of equal uniform flow velocity in the mentioned

branches. So, the following equation can be used to measure flow rate in each of the

branches (Q;):

Qtotal

R v T T

(4.2)

where A; is the cross-section surface area of the desired branch. Figure 4.4 shows
a schematic of dividing the aortic input flow between aortic arch branches and the
descending aorta for both pre- and post-intervention cases. As this figure shows, the

output aortic flow differs between pre- and post-intervention cases.
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Figure 4.4: Schematic of input and output flow boundary conditions for pre-intervention (a) and
post-intervention (b) cases

The results of the output flow rate for each of the aortic arch branches using
equation 4.2, as well as the output flow rate of the descending aorta are presented in
Table 4.3.

The assumption of equal velocity value between three aortic arch branches agrees
with the literature in which the aortic arch branches have different outflow rates;
however, equal flow rate assumption in three aortic arch branches have also been
used in some studies [6, 28]. Table 4.4 summarizes the outflow rates in the outputs
in some of the CFD works on the aorta.

Blood is assumed as a Newtonian fluid with a density of 1050 kg/m? and dynamic
viscosity of 3.15 E-3 Pa.s in the simulation. Initial pressure and velocity over the
computational domain for both pre- and post-intervention cases are set to zero. Wall

is assumed to be non-permeable and rigid. The no-slip boundary condition is applied
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Table 4.3:

Percentage of the input volume flow rate exiting through outlets in pre- and post-
intervention cases
BCA LC LS DAo
Pre-intervention | 6.46% 2.38% 13.16% 8%
State
Post-intervention | 6.68% 1.67% 10.65% 81%
State

Table 4.4: Percentage of the input volume flow rate exiting through outlets in CFD studies

Author(s) Reference | Date of BCA | LC LS DAo
Number Publication

Svensson et al. [159] 2006 15% | 5% 10% | 70%

Wen et al. [21] 2010 11.3% | 6.8% | 4.5% | 77.4%

Brown, A. et al. [25] 2011 27% | 6% 12% | 55%

Brown, S. et al. [119] 2012 13% | 4% 5% 78%

Sadeghi et al. [41] 2020 - - - -

on the rigid wall for the velocity field. Zero gradient pressure is utilized in the inlet

and wall, and output pressure in aortic arch branches and descending aorta are set

to zero.

4.3 Meshing

To solve the governing equations over the computational domain, the domain should

first be discretized into the limited number of subdomains called elements or cells.
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The style and the number of these elements over which the equations are being solved
greatly influence the accuracy, efficiency (i.e., how fast is the simulation), robustness
(i.e., how reliably the solver converges) of the simulation results. More elements are
required in the case of complex computational domains, like patient-specific aortic
geometry; however, the number of elements used in the simulation directly correlates
with the computational costs. In other words, smaller cells or larger mesh size will
require more memory and CPU time to run. So, a balance between the accuracy and
the resources should be considered.

Choosing a proper meshing style or meshing topology is crucial while doing spa-
tial discretization of the computational domain. In idealized geometries, structured
hexahedral elements are the first preference [2]. This type of mesh requires very low
memory and CPU time per node. However, in the complex patient-specific geome-
tries, discretizing the domain via unstructured meshes is inevitable. In the present
work, an unstructured hybrid mesh was generated for both pre- and post-intervention
cases.This hybrid mesh consists of prism elements that start from the rigid wall with
the first layer height of 15E-6 m and growth rate of 1.2, tetrahedral (tet.) elements
that fill the rest of the geometry in post-intervention case, and a small number of
pyramids elements in pre-intervention geometry. This mesh topology utilized in one
of the cases in this study is shown in Figure 4.5. The first layer thickness and the
total number of prism layers are chosen so that near-wall resolution is fine enough for
accurately resolving the shear layer. In each of the pre- and post-intervention cases,
the above-mentioned prism mesh characteristics were kept unchanged, and the differ-
ence between different mesh sizes is mainly due to the different number of tetrahedral

cells. More details on the two mesh sizes employed in this study for each pre- and
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Figure 4.5: Meshing style used in pre- and post intervention geometries

post-intervention cases are summarized in Table 4.5. Growth factor of prism cells for
all the meshes is set to 1.2.
All the meshes summarized in Table 4.5 were checked for mesh quality in terms

of their mesh skewness and orthogonality. In ANSYS, skewness is defined as follows:

emax - 96 96 - emm
180 — 0.’ 0

Skewness = max (4.3)

where 6, is the equiangular face/cell, and is 60° for tetrahedral and triangular meshes
and 90° for quadrilateral and hexahedral meshes. 6,,,, and 6,,;, are maximum and
minimum angles in each cell, respectively. Based on this definition, cells with the
skewness of 0 has the best mesh quality and those with the skewness of 1 has the
worst mesh quality.

Mesh orthogonal quality in ANSYS is defined as follows:

o min | Aok Aed
Orthogonal quality = min | \=1—=7 , = (4.4)
‘Ai fi ‘Ai ® |a>|
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Table 4.5: Characteristics of meshes resulted from discretizing the pre- and post-intervention ge-
ometries

First No. Total No. No. No.
Mesh Layer of No. of of of of
No. | Height | Prism Cells prism Pyramaid Tet.
(E-6m) | Layers Cells Cells Cells
pre- 1 15 20 6,959,518 | 3,087,860 | 26,289 | 3,845,369
interven-
tion 2 15 20 23,377,281 | 6,673,043 | 56,603 | 16,647,635
Geometry
post- 1 15 10 10,743,464 | 2,195,040 - 8,548,424
nlerven-
tion 2 15 10 17,803,815 | 3,165,460 - 14,638,355
Geometry

where ZZ is the face normal Vector,ﬁ is the vector from the centroid of the cell to the
centroid of the face, and ¢ is the vector from the centroid of the cell to the centroid
of the adjacent cell. Based on this definition, cells with the orthogonal quality of the
0 have the worst orthogonal quality and cells with the orthogonal quality of 1 have
the best orthogonal quality. The results of mesh skewness and orthogonal quality for
mesh No.1 pre-intervention case are presented in Figures 4.6 and 4.7, respectively. It
is worth mentioning that the Tet4, Wed6, and Pyr5 elements in figures showing the
mesh skewness and orthogonal quality are representatives of tetrahedral, prism, and
pyramid elements, respectively. The results of mesh skewness and orthogonal quality
for other meshes are presented in Appendix A.

Each of the generated meshes is divided between 64 processors to be run by the
Graham cluster. To split the computational domain, the “scotch” algorithm was

employed in this study through which the mesh cells are divided almost equally
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Figure 4.6: Mesh skewness for mesh No.l pre-intervention case
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Figure 4.7: Mesh orthogonal quality for mesh No.1 pre-intervention case
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Figure 4.8: Meshing style used in pre- and post-intervention geometries

between different processors. Figure 4.8 shows different regions of the computational
domain distinguished by different colors that are allocated to 4 processors via this

method.

4.4 Grid and Timestep Independence

Spatial discretization of the computational domain through meshing and then solv-
ing the governing equations on that mesh using the proper timestep are inevitable
parts of the CFD simulations. Since spatial and temporal discretization schemes can
remarkably influence the simulation results, Grid and timestep dependence studies
are of paramount importance to assess the effects of these schemes and quantify the
numerical errors associated with them. In the present work, the timestep and grid
independence were studied to assure that the simulation results are independent of

the mesh size and timestep. The following sections are allocated to quantifying the
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errors associated with timestep and grid size. However, detailed information on the
definition of the parameters and the explanation of the simulation results will be

discussed in the next chapter.

4.4.1 Timestep Independence: Pre-intervention Case

Timestep independence study guarantees that the simulation results are independent
of the selected timestep for that simulation. This study was performed for mesh No. 1
pre-intervention case. For this mesh, simulations were done for two timesteps of 8E-6
s (coarse timestep) and 4E-6 s (fine timestep). Then, the results of these simulations
were compared in terms of time-averaged wall shear stress (TAWSS), as well as the
velocity profile in different planes. Figure 4.9 shows the results of TAWSS for the two
mentioned simulations. The front and back view of the aorta are shown in this figure.
As shown in Figure 4.9, the results of TAWSS for the coarse and fine timesteps are in
good qualitative agreements. The most difference between the results of TAWSS for
the coarse and fine timesteps can be observed on the back view of the aorta near the
outlet of the aortic arch branches. This difference may be due to the high roughness of
the aortic wall in these regions. This roughness resulting from cutting the geometry
in these regions can lead to generating the mesh with less desirable quality. The
inlet boundary of the ascending aorta, as well as outlet boundary in the descending
aorta region, also have this roughness; however, the TAWSS in these regions is not
high enough to make the difference between TAWSS for the coarse and fine timesteps
visible. Since the aortic arch branches are not the regions of interest in this study,
the difference mentioned above in these regions was neglected, and the results of the

two timesteps were accepted to be in good agreement overall.
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Front View — Coarse Timestep Back View — Coarse Timestep

N

Front View — Fine Timestep Back View — Fine Timestep

Figure 4.9: Simulation results of the TAWSS for the pre-intervention case using the coarse and fine
timesteps
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Figure 4.10 shows the velocity profile in various slices for two mentioned timesteps
using the coarse grid of the pre-intervention case. The results are presented at 0.22s
of the cardiac cycle. This time interval is in the peak systole. Two different slices are
selected in a way that they include ascending aorta, aortic arch, descending aorta,
and the site of the coarctation. The velocity magnitude over a line was plotted for
two slices, comparing the simulation results using the coarse and fine time steps.
The results are shown in this figure for the time instant of 0.2s, which is near peak
systole. Comparing the simulation results for other time intervals also showed a
similar agreement. The root mean square errors for the simulation results are shown
in this figure. Asshown in these pictures, the results of the coarse and fine timestep are
in good agreement. More agreement between the coarse and fine timesteps required

applying finer timesteps, which increases the computational costs.

4.4.2 Timestep Independence: Post-intervention Case

Timestep independence study was also performed for the post-intervention case, mesh
No.1. Two timesteps of 4E-6 s (fine timestep) and 8E-6 s (coarse timestep) were
applied to run the simulations. Then, the simulations’ results were compared in
terms of the TAWSS and velocity profile in various planes. Figure 4.11 shows the
results of TAWSS for two simulations. Comparing the results of the TAWSS for
the mentioned timesteps for the front and back view of the geometry shows that
the coarctation site and the necking area were subjected to high TAWSS in both
simulation results. The results of the finer timestep show a bit higher TAWSS in
some areas; however, comparing the results of simulations for the two timesteps shows

good agreement, overall. Figure 4.12 compares the results of the velocity magnitude

61



M.A.Sc. Thesis — N. Ghorbani McMaster University — Mechanical Engineering

Slice Position/

Time M Coarse Timestep Fine Timestep Velocity Magnitude

’_,——'—'_"|
[
|
|
f
|
| Root Mean Square Error = 0.045 [m/s]
L 1.4
e i —a—Fine Timestep
- 3 —&— Coarse Timestep
E 0.8
0.6
]\_ 8
=> 04
velocity Magnitude (m/s) 0.2
0.08+00 05 1 150+00
! L — e
0 0.005 0.01 0.015

Distance [m]

\ . . Root Mean Square Error = 0.0062 [m/s]
—
~a— Fine Timestep
~—— Coarse Timestp

Velocity Magnitude (m/s)
00e+0001 02 03 04 05 046 0.7 80e-01
I | I

(=]
Y

Velocity [m/s]
=] (-] (=]
= = l-

=

o 0.005 001 0015 002 0.025
Distance [m]

Figure 4.10: Simulation results of the velocity profile in two planes for the pre-intervention case
using the coarse and fine timesteps

62



M.A.Sc. Thesis — N. Ghorbani McMaster University — Mechanical Engineering

over the two planes for the coarse and fine timesteps. The results for two planes and
the diagrams of the velocity magnitude are shown in this figure. The results show
good agreement; however, a slight time lag of 0.02 s was observed in the results of

the velocity magnitude.

4.4.3 Grid Independence: Pre-intervention Case

To assess the grid dependence, simulations were run for two mesh sizes, as described
in Table 4.5. For the pre-intervention case, two mesh sizes of 6,959,518 cells and
23,377,281 cells were applied using the timestep of 8E-6 s. The results of the simula-
tions were compared in terms of the TAWSS and velocity profile. Figure 4.13 shows
the results of TAWSS for these two simulations for the pre-intervention case. Good
qualitative agreement between the results of these grids shows the grid independence
for the TAWSS assessment. Figure 4.14 shows the quantitative grid independence
study in terms of the velocity magnitude in the same slices used in the time depen-
dence study for the pre-intervention case. Although the same time lag exists between
the results of the coarse and fine grids, the results are in good quantitative agreement,
proving that the coarse grid is fine enough to show the aortic hemodynamics in the

pre-intervention case.

4.4.4 Grid Independence: Post-intervention Case

Like for the pre-intervention case, the grid independence study was performed for
the post-intervention case. Two mesh sizes of the 10,743,464 cells and 17,803,815
cells were applied as the coarse and fine grids, respectively. The timestep using to

run these simulations is 8E-6 s. Figure 4.15 shows the front view and back view of
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Figure 4.11: Simulation results of the TAWSS for the post-intervention case using the coarse and
fine timesteps
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Figure 4.12: Simulation results of the velocity profile in two planes for the post-intervention case
using the coarse and fine timesteps
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Front View — Coarse Grid Back View — Coarse Grid
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Figure 4.13: Simulation results of the TAWSS for the pre-intervention case using the coarse and fine
grids

66



M.A.Sc. Thesis — N. Ghorbani

McMaster University — Mechanical Engineering

slice Position [ . " . P
Time M it Coarse Grid Fine Grid Velocity Magnitude
' Root Mean Square Error = 0.031 [m/s]
. 14
12 —#— Fine Grid
~—— Coarse Grid
= 1
En.s
Fy
0.6
£
velocity Magnituds (m/s) >04
0.0e+00 05 1 1.5e+00
1 0.2
0
0 0.005 0.01 0.015
Distance [m]

ﬂé

Velocity Magnitude (m/s)
02 03 04 05 06 07 80801
e

0.0e+00 0.1
I |

Root Mean Square Error = 0.010 [m/s]

0.4
—a—Fine Grid
~#— CoarseGrid
w03
S
E
%u.z
E )
So01
o

0 0.005 001 0.015

Distance [m]

0.02  0.025
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using the coarse and fine grids
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the resulted TAWSS for these two grids. As shown in this figure, the qualitative
agreement can be seen between the results of the coarse and fine grids. Figure 4.16
is allocated to compare the results of velocity magnitude for the coarse and fine grid
in the same slices as used in the time independence study for the post-intervention
case. The velocity magnitude was plotted across a line in each of the slices. These
lines are in the exact position as the lines used for assessing the time independence
study of the post-intervention case. As the plots show, the blood velocity magnitude
for the coarse and fine grids are in good agreement for the post-intervention case,
showing that the coarse grid is fine enough to depict the blood hemodynamic in this

geometry.

4.5 Summary

In this chapter, the geometries utilized for computational modeling of the aortic hemo-
dynamics were presented. In addition, the initial and boundary conditions sued in this
study were explained, and the meshing method and mesh quality were discussed. The
time independence study and mesh independence study were presented for the pre-
and post-intervention states to ensure the results are independent of the selected time
step and grid size. TAWSS and velocity magnitude in different slices were illustrated
for pre- and post-intervention cases to investigate the mesh and time dependence
study. In both pre- and post-intervention states, slices were selected in a way that
they include the ascending aorta, aortic arch, coarctation site, and descending aorta.
These regions are regions of interest in studying the hemodynamics of coarctation of
the aorta. Comparing the results of the TAWSS for pre- and post-intervention states

showed good qualitative agreement for both grid and time dependence study. The
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Front View — Coarse Grid Back View — Coarse Grid

Front View — Fine Grid Back View — Fine Grid

Figure 4.15: Simulation results of the TAWSS for the post-intervention case using the coarse and
fine grids
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Figure 4.16: Simulation results of the velocity profile in two planes for the post-intervention case
using the coarse and fine grids
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velocity magnitude was also plotted across different lines for qualitative comparison
between the pre- and post-intervention states. The results of the velocity magnitude

were in good quantitative agreement for the grid and time dependence study.
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Chapter 5

Results and Analysis

Stent-graft implantation is a standard treatment for repairing the coarctation of the
aorta. As mentioned earlier, in this method, a catheter is inserted in the coarctation
side while carrying a stent graft. The stent is placed and expanded in the coarctation
site to keep the aortic wall open. This intervention can alter aortic hemodynamics.
Parameters like velocity, pressure, and wall shear stress distribution can be utilized
to show this alteration and to assess the success or failure of stent deployment in
CoA patients. This chapter represents the results of the computational simulation of
the aortic hemodynamics in a patient-specific model for pre- and post-intervention
states. These results help us assess the success or failure of stent deployment in this
patient with mild coarctation.

The boundary condition applied in the current work is obtained from our in house
LPM algorithm [60, 41, 59, 63]. This code was validated against catheter, Echocar-
diography and MRI data in various publications such as [28, 41, 60, 59, 62]. The
code structure utilized in the present study is the same as the one used in [41] for the

finite volume simulations. This code structure has been validated against Doppler
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echocardiography and catheter data [60, 41, 59, 63].

The convergence criterion is considered less than 1076 for all the residuals during
the simulation. Also, all the simulations were checked for the maximum Courant
number and y+ value. y+ is a dimensionless distance normal to the wall, showing

the location of the first mesh node near the wall. It is defined as:

Yyur
y+ = ” (5.1)

where y, u,, and v are the normal distance to the wall, friction velocity, and kinematic

viscosity, respectively. The friction velocity is defined as:

where 7, (see equation 5.3) and p are wall shear stress and fluid density, respectively.
To ensure that the first node center is located inside the viscous sublayer, y+ is
required to be preferably less than 1. Appendix B represents y+ distribution at
three time instants of the cardiac cycle for both pre- and post-intervention states.
As the simulated results show, y+ values are almost always less than 1, guaranteeing
acceptable resolution near the vessel wall. The only exception is cutting edges of the
three aortic arch branches where are not of our interests.

Appendix C shows the maximum courant number (Co) over a cardiac cycle for
pre- and post-intervention states. the cutting edges explained above are exempted
from the simulated results. As the graphs show, the maximum courant numbers for

both states are less than 1, improving the accuracy of the simulated results.
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5.1 Velocity Distribution

Aorta is characterized by a complex morphology and structure. It contains branching
(Brachiocephalic Artery, Left Common Carotid Artery, and Left Subclavian Artery),
tapering, and curving. These structural complexities alongside the pulsatile nature
of the blood flow make the hemodynamics factors like the velocity distribution in
the aorta a complex phenomenon. This complexity is even more in the presence of
aortic diseases like coarctation of the aorta. Aortic flow distribution is identified as a
parameter that may affect the cellular development of the aortic wall [2]. So, studying
the hemodynamics of arterial blood flow is of paramount importance in diagnostic
and treatment procedures. This section aims to investigate the velocity distribution
of the blood flow in a patient-specific aorta in the presence of mild coarctation. In
this regard, the time-varying trans-plane velocity distribution and the blood flow

streamline are presented and compared in the pre- and post-intervention states.

5.1.1 Trans-plane Instantaneous Velocity Distribution

The impact of highly disturbed blood on aortic diseases has been proved in several
studies [160, 161, 162]. This correlation is remarkable in the aortic arch branches and
bending of the descending aorta, which are characterized by highly disturbed hemo-
dynamic factors [26]. The simulated results of the velocity distribution in longitudinal
cutting planes are presented in Figure 5.1 for pre- and post-intervention states to in-
vestigate the impact of the intervention on the hemodynamic factors. These planes
cut the middle of the coarctation site, crossing the ascending and descending aorta.
The velocity distribution is shown at three time instants: t; (at acceleration phase),

to (at peak systole), and t3 (at deceleration phase).
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The simulation results show that the velocity is characterized by time-varying and
asymmetric distribution across the cutting planes in both geometries. The highest
values of velocity magnitude are found at the peak systole and late systole in both
states. Aortic arch and coarctation site are presenting the highest velocity magnitude
in both states. The post-intervention state even presents a much higher maximum
velocity magnitude during the cardiac cycle in these locations. Also, the velocity
magnitude at the necking of the coarctation site is remarkably higher at the peak
systole and late systole following the intervention. The curvatures in the aortic arch
and descending aorta pushes the blood flow towards the outer wall due to the cen-
trifugal forces. However, coarctation in the aorta forms a high-velocity flow jet right
after the obstruction that hinders the flow to exactly follow the outer wall curvature.
Figure 5.1 shows this jet in both states at the peak systole. The maximum jet veloci-
ties after the coarctation site are 1.35 [%] and 1.71 [%] for pre- and post-intervention
states, respectively. These results show a 26.7% increase in the maximum velocity
magnitude following the intervention. Generally, the simulation results do not show
improvement in the reduction of velocity magnitude across the coarctation site in the
post-intervention state, raising the concern of applying successive intervention in this

patient.

5.1.2 Instantaneous Blood Flow Streamline

As discussed in chapter 2, the flow patterns in a healthy aorta during the cardiac
cycle range from axial pattern during the early systole, to complex helical shapes
during the mid to late systolic phase. Forming the helical low pattern in the aorta

is hypothesized by several factors: 1) position of LV muscle fibers that results in a
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Early Systole
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Figure 5.1: Simulation results of instantaneous velocity distribution in the longitudinal cutting plane
for pre- and post-intervention states - velocity magnitude ranges from 0 to 1.5 [%] in all the images
presented here.
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counterclockwise twist of these muscles during systole and their clockwise return dur-
ing diastole, 2) aortic valve opening and closure, and 3) anatomical complexity of the
aorta [2]. Although the helical flow pattern is expected in a healthy aorta, additional
helical velocity components may impact endothelial cell alignment, development of
atherosclerosis, and aortic dissection [163]. It can also affect the pathogenesis of
atheroma in the aortic arch [164]. The effect of radial velocity component on the
adhesion of monocytes to the vessel wall is another concern investigated in some
studies [165].

Figure 5.2 shows the results of the simulated velocity streamlines in pre- and
post-intervention states at three time instants: t; (at acceleration phase), to (at peak
systole), and t3 (at deceleration phase). In early systole, the difference between the
flow streamlines before and after the intervention is not considerable. At this time,
velocity streamlines follow an axial pattern almost everywhere in the aorta. However,
remarkable differences can be seen between the velocity pattern and magnitude before
and after the intervention states in peak systole and late systole. In peak systole, the
velocity magnitude in the aortic arch and coarctation site is much higher than in
other places in the aorta in the pre-intervention state. These sites with the high-
velocity magnitude expand to the ascending aorta and descending aorta following the
intervention during the peak systole. Also, simulation results show the increase in the
velocity magnitude in these places after the intervention. In the late systole, helical
flows are a noticeable phenomenon primarily occurring around the coarctation site.
As Figure 5.2 shows, the velocity magnitude increases in the coarctation site following
the intervention, and the helical flow occupies more regions in the descending aorta.

In the distal part of the descending aorta, axial flow pattern exists in both states;
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however, the simulation results show a rise in the velocity magnitude in this part of

the aorta after stent implantation.

5.2 Wall Shear Stress Distribution

Endothelial cells (ECs) form the inner lining of the arterial wall. Since these cells are
in contact with the blood flow, responses of these cells alter by changing the local
hemodynamic factors like wall shear stress [2]. WSS is defined as the shear stress

imposed by the blood flow on the vessel wall:

S (Z_Z)y:o (5.3)

where pu, u, and y are the dynamic viscosity, flow velocity parallel to the wall, and
normal distance to the wall, respectively. Various studies have reported the influence
of changes in WSS on arterial wall diseases. Some of them point to the effect of
high WSS as a stimulator for the arteriogenesis (growth of collateral arteries) [161].
Another studies show the impact of low WSS on the incidence of atherosclerosis
(plaque build-up inside arteries that leads to the hardening and narrowing of the
arteries) [166]. Plaque fracture that may lead to embolization and arterial occlusion
is another problem that can be induced by the WSS [102]. Thromboembolic and
hemolysis are other possible complications associated with high levels of WSS [79].
Considering the importance of WSS on cardiovascular diseases, this section aims to
compare the pre- and post-intervention WSS and its corresponding parameters to

assess the success of stent deployment in a patient with CoA.
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Figure 5.2: Simulation results of instantaneous velocity streamlines in three various time instants
for pre- and post-intervention states - velocity magnitude ranges from 0 to 1.5 [%] in all the images
presented here.
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5.2.1 Time-varying Spatial Distribution of Wall Shear Stress

As discussed above, WSS has a considerable effect on arterial wall diseases. So,
many studies have attempted to address WSS distribution on the arterial wall during
the cardiac cycle. Given that MRI has a limited temporal resolution, attempts to
calculate WSS with MRI data are accompanied by limited success [4, 167, 168]. So
CFD can be a viable alternative to imaging data for obtaining WSS in patient-specific
arterial walls. The results of WSS for the pre- and post-intervention cases using CFD
simulation are presented in Figure 5.3. The results are compared in three different
time instants: t; (at acceleration phase), to (at peak systole), and t3 (at deceleration
phase). Comparing the results shows that the post-intervention state is accompanied
by the overall increase in WSS in three mentioned time instants. The difference is
more noticeable at the peak systole and deceleration phase between pre- and post-
intervention states. As these figures show, the coarctation site witnesses a high value
of the WSS in both pre- and post-intervention cases.

As reported in [4], peak wall shear stress that can be seen in the aortic arch and

dyn

s ] , respectively.

branches in the early systole and peak systole are 150 and 260 [
Pre- and post-intervention cases were studied here to see the peak WSS values during
the early systole and peak systole shown in Figure 5.3 at three time instants. The
simulation results are summarized in Table 5.1 to be compared with the results re-
ported in [4]. Note that the tips of the aortic arch branches were ignored from the
analysis to avoid the errors associated with cutting the tip of the branches. As shown
in this table, the typical peak WSS values were higher than all the WSS values for the

pre- and post-intervention cases except for the peak systole in the post-intervention

case. This comparison shows that peak WSS exceeds the typical peak WSS shown in
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Table 5.1: Peak WSS in the aortic arch and branches in the pre-intervention, and post-intervention
states in current study, as well as the typical values of WSS in a healthy thoracic aorta model (as

reported in [4])

Time Peak WSS [i%} m Peak WSS [iﬁ’g] m Typical Peak WSS
Pre-intervention State | Post-intervention State [f%}
FEarly Systole 7 96 150
Peak Systole 237 346 260

this table following the intervention.

5.2.2 Spatial Distribution of time-averaged Wall Shear Stress

Time-averaged wall shear stress is defined as the averaged shear stress exerted on the

inner layer of the aorta over the whole cardiac cycle:

1 T
TAWSS = ~ / 7| dt (5.4)
T 0

where T and 7, are the cardiac cycle period and instantaneous wall shear stress,
respectively. TAWSS for the pre- and post-intervention states are presented in Fig-
ure 5.4 a and b. Comparing the results of TAWSS for pre- and post-intervention
states show the overall increase in TAWSS values in the post-intervention state. This
increase is more considerable in the areas of interest around the coarctation site and
is shown by dash lines in these figures. The comparison between the TAWSS values
in these areas of pre-intervention and post-intervention states is presented in a his-

togram in Figure 5.4 c¢. As this histogram shows, the percentage of areas exposed by
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Figure 5.3: Simulation results of WSS in three various time instants for pre- and post-intervention
states — WSS magnitude ranges from 0 to 100 [;iw} in all the images presented here.
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the TAWSS values less than 40 [dy—"] is almost identical between the pre- and post-

cm?

intervention states. The only exception is the decrease in the percentage of areas with

TAWSS values between 10 and 20 [dy—"} for the post-intervention state. However, the

cm?
results show a remarkable increase in the percentage of areas exposed by TAWSS

dyn

sz] for the post-intervention state. This increase in the

values of more than 40 [
areas with high TAWSS values results in a higher risk of damage to the vessel wall

due to rupture, aneurysm, or dissection. The peak of TAWSS in the area of interest

dyn
cm?

for the pre- and post-intervention states were 91 and 186 [ }, respectively. The
increase in the peak TAWSS values in the areas of interest confirms the higher risk

of damage to the vessel wall following the intervention.

5.2.3 Space-averaged Time-averaged Wall Shear Stress

To further assessment of the effects of the intervention, TAWSS was spatially averaged

as follows:

> (TAWSS; x Api) (5.5)

=1

SA—-TAWSS = Al

Ao
where the Ay,, 4, and A,,; are the total area of the aortic wall, the index of the
surface mesh, and the area of the ith mesh surface, respectively.

Post-processing of the simulation results shows that the spaced-averaged time-

averaged wall shear stress (SA-TAWSS) exerted on the whole aorta for the pre- and

dyn

CmQ}, respectively. Comparing these values

post-intervention states are 12.8 and 14 [
indicates the overall increase in spatio-temporal wall shear stress following the inter-
vention. Figure 5.5 shows the SA-TAWSS values for the ascending aorta, aortic arch,
and descending aorta before and after the intervention. The results of SA-TAWSS

of the aortic arch and descending aorta are much larger than that of the ascending
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Figure 5.4: Simulation results of a) TAWSS in the pre-intervention state, b) TAWSS in the post-

intervention state, and c) spatial distribution of TAWSS in areas shown by dash lines for pre- and
post-intervention states — WSS magnitude ranges from 0 to 50 (i%) in all the images presented

here.
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Figure 5.5: Simulation results of SA-TAWSS in ascending aorta, aortic arch, and descending aorta
for pre- and post-intervention cases

aorta in each of the pre- and post-intervention cases. As this histogram shows, the
SA-TAWSS value of the aortic arch for the post-intervention state decreased slightly.
However, SA-TAWSS for the ascending aortic and descending aortic segments in-

creased remarkably.

5.3 Pressure Distribution

Pressure distribution across the aorta is a major hemodynamic factor in assessing the

patient’s health condition. In CoA patients, the obstruction in the aorta results in a
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pressure drop across the coarctation site. This pressure drop imposes more load on
the LV to transfer the oxygen-rich blood through the aorta to the body organs. This
extra workload may even lead to heart failure in some patients. For clinical diagnosis
purposes, the pressure gradient of more than 20 [mmHg] is the hallmark of the
presence of severe coarctation. Cardiac catheterization is utilized for the evaluation
of the peak systolic pressure gradient across the coarctation site clinically. However,
this method is invasive and associated with the risk of rupture or damage to the vessel
wall. So, this method is not practical for all patients in their recurrent follow-up
examinations. These limitations underscore the importance of CFD study in non-
invasive assessment of the severity of CoA, evaluation of treatments, and deciding
about the timing of the intervention. This section is allocated to present the CFD
results of pressure distribution and pressure gradient in a CoA patient for pre- and

post-intervention states.

5.3.1 Trans-plane Time-varying Spatial Pressure Distribu-
tion

The simulation results of time-varying pressure distribution for the pre- and post-
intervention cases are presented in Figure 5.6. In this figure, the pressure distribution
in a plane crossing the coarctation site is shown in three different time instants: t; (at
acceleration phase), to (at peak systole), and t3 (at deceleration phase). The planes
were selected in a way that they contain the coarctation site and far as possible
from the vessel wall to eliminate the effects of boundary conditions on the simulation
results. As this figure shows, the blood pressure reduces after passing the coarctation

site. Comparing the simulation results for pre- and post-intervention states show that
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the pressure reduction did not improve following the intervention.

5.3.2 Maximum Trans-coarctation Pressure Gradient

Maximum pressure gradient across the coarctation site has a crucial role in the evalu-
ation of coarctation severity in CoA patients. Patients with a maximum systolic pres-
sure gradient of more than 20 [mmH g| are possible candidates for the interventional
treatments. As mentioned earlier, cardiac catheterization is an invasive method with
high risks and expense to evaluate the coarctation severity. Therefore, CFD analysis
may be a viable alternative to imaging modalities for obtaining pressure gradient in
patient-specific arterial walls.

The maximum systolic pressure gradient was obtained in the present study by
calculating the maximum pressure drop before and after the coarctation site over a
cardiac cycle in pre- and post-intervention states. The calculation results are pre-
sented in Figure 5.7. As this figure shows, the maximum pressure drop occurs in
the systolic phase for both pre- and post- intervention states. Comparing the re-
sults of the two states shows that the pressure gradient slightly reduced following
the intervention. The maximum trans-coarctation pressure gradient for the pre- and
post-coarctation states are 8.3 and 6.5 [mmH g|, respectively. The results reveal that
the stent deployment could not remove the pressure drop completely. This might be
due to problems like malapposition of the stent and inappropriate stent expansion. A
decrease in the vessel wall compliance and distensibility following stent implantation

may also affect the desirable results.
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Figure 5.6: Simulation results of instantaneous pressure distribution in in longitudinal cutting plane
for pre- and post-intervention states - pressure magnitude ranges from 0 to 15 [mmHg| in early
systole and peak systole, and from 0 to 10 [mmHg] in late systole
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Figure 5.7: Simulation results for the pressure gradient across the coarctation site over a cardiac
cycle for pre- and post-intervention cases

5.4 Summary of Results

This chapter was allocated to investigate the effects of stent deployment on aortic
hemodynamics in a patient with mild coarctation of the aorta. In this regard, first,
the influence of hemodynamics factors such as velocity distribution, wall shear stress,
and pressure drop on aortic diseases was explained. Then, simulated results of these
hemodynamics factors were illustrated, and the results in pre- and post-intervention
states were compared. As the results show, despite a slight decrease in the trans-
coarctation pressure gradient in the post-intervention state, velocity and wall shear
stress distribution do not show overall improvement following the intervention, raising

the concern of applying a successful intervention in this patient with mild coarctation.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

Although stent deployment is a standard treatment in CoA patients, it is associ-
ated with several problems that affect the intervention’s success. Stent displacement,
inappropriate expansion of the stent, and applying a stent with the wrong size are
examples of the mentioned problems. The unique aortic geometry of a patient and the
coarctation index are also important parameters in selecting the suitable treatment.
The present study investigated the effect of stent implantation in a patient with mild
coarctation of the aorta.

First, the velocity distribution in this patient was investigated as a crucial hemo-
dynamic factor in the progression of aortic diseases. The simulation results reveal
that post-intervention velocity magnitude in the aortic arch and coarctation site is

generally larger than that of the pre-intervention states in these locations. Besides,
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maximum velocity magnitude after the coarctation site shows a 26.7% increase fol-
lowing the intervention. Studying the velocity streamlines before and after the inter-
vention indicates that although these two states have similar axial low pattern during
early systole, noticeable differences in terms of the velocity magnitude and pattern
between the two states are evident in peak and late systole.

Time-averaged wall shear stress was calculated in the vicinity of the coarctation
for the pre- and post-intervention states. Comparing the results shows that more
areas around the coarctation in the post-intervention state are subject to TAWSS
values more than 40 [dyn/cm?]. This finding reveals that the post-intervention state
is associated with a higher risk of rupture in the vessel wall around the coarctation
site. Also, the peak TAWSS value in these areas was higher in the post-intervention
state, which confirms the higher risk of damage to the vessel wall. The simulation
results of the SA-TAWSS were compared for the pre- and post-intervention states.
The results show a 9.3% increase in the SA-TAWSS values over the whole aorta
following the intervention. Also, the aortic arch segment shows a slight decrease in
SA-TAWSS after the intervention; however, the ascending aorta and descending aorta
witnessed a considerable increase in the SA-TAWSS values following the intervention.

Maximum trans-coarctation pressure drop was evaluated over the cardiac cycle for
both pre- and post-intervention states. As the simulated results show, the maximum
pressure drop occurs during the systolic phase for both states. Simulated results also
show a slight reduction in the maximum pressure drop following the intervention.

Although results indicated a slight decrease in the maximum pressure drop across
the coarctation site in the post-intervention state, the results of wall shear stress

and velocity distribution did not improve following the intervention. Based on the

91



M.A.Sc. Thesis — N. Ghorbani McMaster University — Mechanical Engineering

presented results, the stent deployment was not successful as it could not considerably
improve the aortic hemodynamic conditions. So, further treatment is suggested in
this patient to improve the cardiac function. The results also show the ability of
computational fluid dynamics, as an alternative tool, to assist the clinical diagnosis
and compensate for imaging modalities’ limitations. Using the CFD, hemodynamic
parameters like wall shear stress and pressure drop can be evaluated, and the success
or failure of stent deployment can be assessed. This research also raises the concern
of stent deployment in patients with the mild coarctation of the aorta. However,
studies on a large group of patients with mild coarctation of the aorta and long-term
follow-up in these patients are required to improve decision-making strategies for the

suitable treatment of choice in these patients.

6.2 Limitations and Future work

The current work is subject to some limitations as follows:

1. Aortic blood hemodynamics was investigated in one patient with mild coarc-
tation in this work. Considering the high sensitivities of aortic hemodynamics to the
patient-specific aortic morphology and boundary conditions, the results of the present
study cannot be fully applicable to other cases with mild coarctation. As a result,
more studies should be performed on a large group of patients with mild coarctation
to assess the success of stent deployment in this group of patients.

2. Simulations were run over one cardiac cycle. Running the simulations for more
than one cardiac cycle is required to eliminate the effects of initial conditions.

3. In the present work, blood was assumed as a Newtonian fluid with a dynamic

viscosity of 3.15 E-3 [Pa.s|. More investigations should be done to see the effects of
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considering the blood as a non-Newtonian fluid and different dynamic viscosity values
on the simulation results.

4. The assumption of a rigid wall is considered in this thesis. This assumption is
proved to be a realistic one in literature, especially in CoA patients who are usually
subject to hypertension and reduced compliance in the aorta. However, there is still
room for investigating the effects of considering the fluid-structure interaction model

on the simulation results for patients with mild coarctation of the aorta.
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Figure A.1: Mesh Skewness for Pre-intervention Case, Mesh No. 2
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Figure A.2: Mesh Orthogonal Quality for Pre-intervention Case, Mesh No. 2
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Figure A.3: Mesh Skewness for Post-intervention Case, Mesh No. 1
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Figure A.4: Mesh Orthogonal Quality for post-intervention Case, Mesh No. 1

s T £t} e\ € 6

12852894.00

10000000.00

7500000.00

5000000.00

Number of Elements

2500000.00

0.00
0.00 013 025 038 0.50 0.63 0.75 0.88

Eement Metrics

Figure A.5: Mesh Skewness for Post-intervention Case, Mesh No. 2
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Figure A.6: Mesh Orthogonal Quality for post-intervention Case, Mesh No. 2
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y+ Distribution
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Figure B.1: y+ Distribution for Pre-intervention state, Mesh No. 1, Time Step = 0.8E-6 s - y+
ranges from 0 to 1 in all the images presented here.
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Figure B.2: y+ Distribution for Post-intervention state, Mesh No. 1, Time Step = 0.8E-6 s - y+
ranges from 0 to 1 in all the images presented here.
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Appendix C

Maximum Courant Number
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Figure C.1: Maximum Co for Pre-intervention state, Mesh No. 1, Time Step = 0.8E-6 s
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Figure C.2: Maximum Co for Post-intervention state, Mesh No. 1, Time Step = 0.8E-6 s
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