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Abstract

Cardiovascular diseases could affect children as they can affect elderly persons, they
could be either acquired or congenital. The mortality rate from cardiovascular disease is
higher in middle- and low-income countries compared to developed countries. In Algeria
studies related to the management of cardiovascular diseases, the integration and the use of
the newest technologies in the management of patients are still lacking. Computational fluid
dynamic (CFD) methods present the advantage of giving the possibility to investigate non-
invasively the cardiovascular disease and consequently present a good tool for clinicians.
With the development of computing capabilities, high-performance calculations and medical
imaging technologies, the use of computational fluid dynamic models in clinical use gained
attention. Two diseases are studied in this thesis, namely abdominal aortic aneurysm AAA
and aortic coarctation CoA. Using CFD the effect of asymmetry of AAA is studied. A detailed
parametric analysis of flow dynamics using five virtual AAA models was performed. Flow
behaviour and wall shear stress derivatives (time-averaged wall shear stress TAWSS, and
oscillating shear stress OSI) were investigated. Secondly, an investigation of the co-
localization and relationship between intraluminal thrombus ILT and WSS-based
hemodynamic parameters (TAWSS, OSI, Transversal WSS transWSS, relative residence time
RRT and Endothelial cell activation potential ECAP) was carried out. Computed Tomography
CT data of three AAA patients were used. The model was validated against in-vitro data and
a new approach was suggested to predict ILT deposition and growth based on WSS indexes
in the thin and thick ILT areas. Finally, a workflow combining in-vivo (4D flow) and in-silico
(CFD) data in the case of patients suffering from aortic coarctation (CoA) was presented. The
verification and cross-validation of the two techniques confirm CFD’s robustness and its
ability to mimic realistic 3D blood flow and wall parameters with high spatial and temporal

resolution.

Keywords: CFD, AAA, CoA, CT scan, 4D Flow MRI, WSS derivatives, AAA Asymmetry Effect,
ILT, TAWSS, OSI, RRT, ECAP, TransWSS.



Résumé

Les maladies cardiovasculaires peuvent affecter les enfants comme elles peuvent affecter
les personnes agées, elles peuvent étre acquises ou congénitales. Le taux de mortalité par
maladies cardiovasculaires est plus élevé dans les pays a revenu intermédiaire et faible que
dans les pays développés. En Algérie, les études liées a la prise en charge des maladies
cardiovasculaires, I'intégration et |'utilisation des technologies les plus récentes dans la prise
en charge des patients font encore défaut. Les méthodes de dynamique des fluides
computationnelles présentent I'avantage de donner la possibilité d'étudier de maniére non-
invasive les maladies cardiovasculaires et constituent par conséquent un bon outil pour les
cliniciens. Avec le développement des capacités informatiques, du calcul haut performance
et des technologies d'imagerie médicale, l'utilisation de modeles informatiques de
dynamique des fluides dans les routines cliniques a attiré |'attention ces derniéres années.
Deux maladies sont étudiées dans cette thése, a savoir I'anévrisme de |'aorte abdominale
AAA et la coarctation aortique CoA. En utilisant la CFD, I'effet de I'asymétrie de I'AAA est
étudié. Une analyse paramétrique détaillée de la dynamique des flux a l'aide de cing
modeles d’AAA virtuels a été réalisée. Le comportement de I'écoulement et les dérivés de la
contrainte de cisaillement de la paroi (contrainte de cisaillement moyenne dans le temps
TAWSS et lindice d’oscillation des contrainte de cisaillement OSI) ont été étudiés.
Deuxiemement, une étude de la co-localisation et de la relation entre d’une part sur le
thrombus infraliminal ILT et les parametres hémodynamiques basés sur les WSS (TAWSS,
OSlI, Transversal WSS TransWSS, le temps de séjour relatif des particules RRT et le potentiel
d'activation des cellules endothéliales ECAP) a été réalisée. Les données de
tomodensitométrie de trois patients atteints d'AAA ont été utilisées. Le modele a été validé
par rapport aux données in-vitro et une nouvelle approche a été suggérée dans le but de
prédire le dép6t et la croissance de I'ILT sur la base des indices WSS dans les zones ILT
minces et épaisses. Enfin, un flux de travail combinant in-vivo (IRM flux 4D) et in-silico (CFD)
dans le cas d’un patient souffrant de coarctation aortique (CoA) ont été présentées. La
vérification et la validation croisée des deux techniques confirment la robustesse de CFD et
sa capacité a imiter et a reproduire des parameétres réalistes de flux sanguin et de paroi en

3D avec une haute résolution spatio-temporelle.

Mots clés : CFD, AAA, CoA, CT scan, flux 4D, dérivés des contraintes de cisaillement,

effet de 'asymétrie de I’AAA, ILT, TAWSS, OSI, RRT, ECAP, TransWSS.
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GENERAL INTRODUCTION

According to the World Health Organization (WHO), cardiovascular diseases (CVD)
are the leading cause of death in the world [1]. The mortality rate from
cardiovascular disease is higher in middle- and low-income countries compared to
developed countries. In Algeria in 1990 the national institute of public health (INSP)
conducted a national health survey (NHS), the survey concluded that CVD represents
18.4% of the overall percentage of disease. However, a second survey was
conducted in 2005 and showed that the percentage of cardiovascular diseases has
exceeded 31.3%. This decrease could be explained by many socio-economic factors
like the ageing of the population compared to precedent decades.

Surveys and statistical analysis are usually conducted by different institutions,
hospitals, and laboratories; however, studies related to the management of CVD, the
integration, and the use of the newest technologies in cardiovascular diseases are
still lacking.

Despite the recent development of technological facilities in the diagnosis,
treatment, and management in general in medicine and particularly in
cardiovascular diseases, abdominal aortic aneurysms (AAA) remain causing a very
high mortality rate, and the decision-making criterion for surgical intervention is still
traditional and relies on the measurement of the AAA maximum diameter and the
annual rate of progression of the AAA [2, 3]. This work is a contribution to the
prediction of AAA rupture. Chapter 5 and Chapter 6 will be devoted to the
hemodynamics in idealized (virtual) models of AAA, and patient-specific AAA
respectively. Where the effect of the geometry (asymmetry of the aneurysm) on
hemodynamic indices (Chapter 5), and the relationship and co-localization between
intraluminal thrombosis ILT deposition areas and wall shear stress derivatives
(Chapter 6) are investigated.

In this work, a contribution to the investigation of the potential of combining the

in-vivo data (4D flow MRI) to guide CFD analysis was carried out. Chapter 7 will be
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devoted to the study of the capacity of CFD to mimic realistic hemodynamics

provided by 4D flow in patients presenting aortic coarctation.

OBJECTIVES AND OUTLINE OF THE THESIS

Computational fluid dynamics (CFD) presents a powerful, non-invasive tool to
reproduce flow features in cardiovascular diseases including AAAs and CoA. Using
CFD, the behavior of the blood flow under different arterial wall constructions
reflecting different characteristics/development of the disease can be modeled
without requiring invasively obtained experimental or field data. Flow features
including velocity, vorticity, wall shear stress (WSS), and its derivatives can be

obtained within the CFD model.

In abdominal aortic aneurysm (AAA) assessing the risk of rupture is extremely
important to reduce mortality. Current clinical guidelines suggest considering the
maximum diameter as a criterion for planning and surgical intervention; however,
this approach is too simplistic and overlooks other morphological parameters that
are associated with the risk of rupture. Chapter 5 aims to study the thrombogenicity
and to predict the risk of AAA rupture by taking into consideration the geometrical
asymmetry of the aneurysm, studying its effect on blood flow behaviour and vortical
structure, spatiotemporal, distribution of wall shear stresses (WSS), and their related
parameters. To show the effect of asymmetry on blood flow dynamics and
hemodynamic forces, five virtual models are constructed using five values of
geometrical asymmetry ratio B ranging from =0.2 (asymmetric model; AM) to =1

(symmetric model; SM).

Despite advances in medical imaging and surgery, abdominal aortic aneurysm
(AAA) still has high mortality. Over the last decade, the scientific community has
devoted considerable research effort to assist clinicians in their decision-making to
manage patients with AAA for surgical intervention. Intraluminal thrombus (ILT) is
detected in most AAAs and may critically impact their development. Therefore,

understanding ILT deposition, growth and its relationship with wall shear stress
3
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derivatives is of practical importance. In Chapter 6, the geometries of three patient-
specific models of AAA are reconstructed from computed tomography (CT) scans.
CFD simulations with a pulsatile non-Newtonian blood flow (Carreau-Yasuda model)
enabled non-invasive estimation of the hemodynamic parameters acting on the
endothelial cells. Numerical simulations are conducted using the finite volume
method with ANSYS-Fluent software. The deposition and thickness of the ILT are
estimated by using an open-source software and a custom-built script. The co-
localization and relationship between five WSS-based hemodynamic parameters and

ILT deposition are examined.

In recent years, hemodynamic biomarkers have attracted attention to facilitate
diagnosis, risk stratification and treatment of cardiovascular diseases, in particular
focusing on the impact of in-vivo blood fluid dynamics. Computational fluid dynamics
(CFD) studies provide an interesting and helpful procedure for the understanding of
the hemodynamic within the region of interest, their consistency with in-vivo data
may be hampered by the used boundary conditions and the accuracy of complex
patient-specific geometries. 4D Flow MRI is the unique way to measure and visualize
full 3D time-dependent in-vivo blood flow, but with low spatial and temporal
resolution. To this aim, in Chapter 7, the potential of in-vivo data based on magnetic
resonance imaging to guide and verify the reliability of numerical simulations is
exploited. A workflow is presented to show the combination of in-vivo and in silico
methods in the case of the management of patients suffering from aortic coarctation
(CoA). 4D Flow allowed the validation of the CFD results by comparing the 3D flow
field using streamline and velocity distribution in selected cross-sections planes
along the aorta. Furthermore, the final aim is to compare CFD pressure drop against
catheterization values and/or values estimated by Echocardiography, thus giving the
CFD model high fidelity and making it able to reproduce accurate PD estimation
lacking in 4D Flow data presenting aliasing in the region of CoA. In addition to the

non-invasive estimation of PD, the tailored and validated CFD presents the
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advantage of the measure of post-treatment PD and could help clinicians in the

management of CoA patients.

To summarize; the aim of this thesis is to estimate hemodynamic indexes in two
diseases related to the aorta. ldealized and realistic models of abdominal aortic
aneurysm and realistic aortic coarctation are studied using computational fluid

dynamics. The general objectives of the thesis are as follows:

- Help clinicians in the stratification and the management of patients with AAA by
suggesting supplemental criteria for planning and surgical intervention based on CFD

as a non-invasive tool (Chapter 5).

- Improve the prediction of ILT deposition and growth in AAA patients and
consequently the progression and rupture of AAA based on hemodynamic

indicators using CFD (Chapter 6).
- Use of medical images in CFD models (Chapters 6 and 7).
- Combine and compare CFD models with in-vivo data (Chapter 7).

- Herein, we sought to define a 4D Flow-based protocol to guide the CFD
reproduction of CoA hemodynamics in patients presenting CoA and allow the
validation of the CFD results thus giving the CFD model high fidelity and making it
able to reproduce accurate reproduction of main flow behaviour and features
present in the in-vivo data with the final aim to use the non-invasive advantage of
CFD method to estimate the pressure drop presented in CoA patients in the

second step.

In Chapter 1, a literature review of computational methods in AAA and CoA
patients was carried out. This chapter reviews comprehensively the use of
computational methods in the management of AAA and CoA. Papers about CFD and

FSl in virtual (idealized) AAA models, medical imaging-based studies on AAA, and the
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use of 4D-FLOW were detailed, and finally, the use of 4D flow-based CFD in CoA

patients was summarized.

In Chapter 2, generalities about the cardiovascular system, and cardiovascular

diseases (and specifically the two studies diseases AAA and CoA) are presented.

In Chapter 3 the mathematical model and equations used in our simulations and
in the post-processing of the results are presented. Chapter 4 is devoted to

explaining the methodology and workflow adopted to conduct the simulations.

Finally, the key findings of this thesis are discussed. The limitations and the future

perspective are also presented in the general conclusion and perspectives.
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Literature Review:
On the use of Computational Methods in the
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1.1. INTRODUCTION

The development of computing capabilities and high-performance computing (HPC)
has allowed the development and emergence of computational methods in
healthcare, particularly in cardiovascular diseases (CVD). These capabilities (.ie. HPC),
have enabled the use of complex models that can mimic real conditions in arteries.
Computational methods have emerged in the recent decade as a complementary
tool to improve the understanding of the blood flow behaviour in healthy and
diseased subjects. Computational methods combined with the newest medical
imaging technics have allowed the development of validated and well-trusted
models. The major advantage of these numerical models is their non-invasive
nature, which reduces medical costs and postoperative issues.

This chapter provides a comprehensive review of the use of computational
methods in the management of abdominal aortic aneurysm (AAA) patients and
aortic coarctation (CoA) patients. The chapter summarizes papers on computational
fluid dynamics (CFD) and fluid-structure interaction (FSI) in virtual (idealized) AAA
models, medical imaging-based studies on AAA patients, the use of machine learning

methods in CVD, and finally the use of 4D flow-based CFD in CoA patients.

1.2. CFD AND FLUID-STRUCTURE INTERACTION IN VIRTUAL
AAA MODELS

Several studies were carried out and evaluated numerically the blood flow and

hemodynamic parameters through AAA. For parametrical studies, it was found that

Virtual (idealized) aneurysm models are more useful compared to realistic patient-

specific geometries [4-13]. The effect of aneurysm shape on hemodynamic

parameters was studied (see Figure 1.1 [13] as an illustration).

Starting with CFD studies where a no-slip boundary condition is imposed at the
wall supposing that it is rigid. In fact, the wall of the AAAs becomes stiffer following
the loss of elastin [14] and their compliance is nearly negligible compared to the
healthy aorta [15]. This hypothesis was adopted in the majority of the studies
concerning AAA [5-8, 16-46]. Whilst in other studies the elasticity effect of the aortic

wall was considered using fluid-structure interaction (FSI) [6-8, 10, 22, 47-53].


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwib-Yne0aj7AhW2h_0HHWDCATEQFnoECA0QAQ&url=https%3A%2F%2Fwww.mdpi.com%2F2311-5521%2F4%2F1%2F11%2Fhtm&usg=AOvVaw0FE1Toxz_mtpZKWAKUJ3sB
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwib-Yne0aj7AhW2h_0HHWDCATEQFnoECA0QAQ&url=https%3A%2F%2Fwww.mdpi.com%2F2311-5521%2F4%2F1%2F11%2Fhtm&usg=AOvVaw0FE1Toxz_mtpZKWAKUJ3sB

Chapter 1

HIN

AAAla AAA1D AAAlc AAA2a AAA2Db AAA2c

Figure 1.1: Effect of shape of AAA was studied in Philip, Nimmy Thankom et al 2022 [13].

Finol et al 2003-a [16] conducted a CFD study to investigate the hemodynamic
change in AAA; in their second study, Finol et al 2003-b [17] the relationship
between WSS derivatives and hemodynamics was explored. Peattie, et al 2004 [5]
investigated the difference in hemodynamic parameters between small and large
idealized models of AAAs. In this work, it was found that turbulence increases in
larger aneurysms compared to smaller aneurysms which may increase WSS values
and consequently the risk of rupture. Khanafer conducted a study in 2007 [18] where
the effect of rest and exercise conditions on fluid flow, WSS and pressure was
examined. In O’rourk et al 2008 [19] a comparison between CFD and in-vivo data was
conducted and the relationship between vortex structure and thrombosis was
investigated. The best agreement was found using a simple laminar flow model in
CFD simulations. Yosuke Otsuk et al in 2013 [20] in an article entitled "preliminary
computational hemodynamics study of double aortic aneurysm under multistage
surgical procedures: an idealized model study" numerical simulations were carried
out on idealized models with rigid walls in the presence of double aneurysms.

For healthy aorta and small aneurysms modelling the flow as laminar flow is
desirable, however, for large aneurysms, the transitional model is preferable
according to Vinoth et al 2015 [21]. Javadzadegan et al 2017 [10] conducted a study
using idealized models with a rigid wall; the effect of suprarenal vs infrarenal
positions was investigated. The results confirm that the suprarenal AAA promotes
thrombosis initiation.

Wang et al 2011 [22] conducted a Fluid-structure interaction (FSI) study on the

idealized AAA models. The effect of blood viscosity on flow behaviour through
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different compartments of aneurysms and its effect on wall displacement and WSS
were studied.

Fraser et al 2009 [7] studied the difference between rigid wall assumption (CFD)
and FSI modelling in an axially symmetric idealized model of AAA, the error between
the two models was found negligible in terms of peak Von Mises stress. These results
suggest that the incorporation of CFD modelling is sufficient for mechanical
modelling and the evaluation of current rupture probability. A numerical
investigation of the fluid-structure interaction of ten idealized AAA models was
carried out by Scotti et al 2005 [6] to study the effect of asymmetric bulging and wall

thickness. Velocity, pressure and wall displacement were investigated in this study.

1.3. MEDICAL IMAGING BASED STUDIES ON AAA

With the development of medical imaging facilities, several imaging-based numerical
studies were carried out with the aim to mimic the realistic flow and understand its
behaviour through AAAs. Patient-specific geometries are used based on CT scans or
MRI imaging. Computational models were developed to help clinicians in the
management of patients suffering from cardiovascular disease including AAA (see an

example of CFD simulation based on CT scan images in Figure 1.2).
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Figure 1.2: Example of CT scan-based simulation in patient with AAA. Right sagittal CT
images with dashed red lines showing outer ILT walls (left column). Time-averaged velocity
contours at the right view of the mid-sagittal section and magnified in the AAA sac region
(middle column); computational domain (grey) and ILT deposition (purple) of AAAs patients

in the rightmost column (For more details see chapter 6).
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Les et al 2010 [27] conducted a study on a cohort of eight AAA patients with the
aim to understand the effect of exercise and rest conditions on hemodynamic
parameters and consequently on rupture risk, magnetic resonance imaging and
computational fluid dynamics were used in this study. Similarly, Suh et al 2011 [25]
used MRI and CFD, in this study, it is suggested that during exercise the
augmentation of mean infrarenal may reduce chronic flow stasis that may influence
wall thrombus, aneurysm growth and damage and degradation of the aortic wall.
Sinead Kelly and Malachy O'Rourke carried out in 2012 [52] a numerical simulation
work using the open source code OpenFOAM to compare the different simulation
techniques of AAAs with the geometries of three specific patients. The results
obtained show that the simulation of the solid part alone is adequate to predict the
maximum stresses exerted on the wall of the aneurysm; on the other hand, FSI
simulations must be carried out for a better prediction of the WSS. The authors at
the end of the article mentioned a study based on a large population must be carried
out to validate these results.

Z Macek & al in 2013 [54] in their article entitled "wall shear stress and
endothelial cells dysfunction in the context of abdominal aortic aneurysm" suggested
that the formation of AAAs is multifactorial and WSS and wall elongation applied
directly to the cells of the wall regulate the remodelling of the wall. The effect of
mechanical stimulation leads to dysfunction of endothelial cells (EC), in AAAs this
phenomenon plays an important role where damage to EC is associated with
changes in the endothelial permeability and increased local inflammation, which is
the initial stage in the formation of AAAs and their expansion. This study presents
results concerning the influence of WSS on EC dysfunction. The results obtained
show that high WSS levels are apparently not the only cause of AAA pathology and
suggest that WSS gradients (WSSG) play a key role in this disease. The direct study of
spatiotemporal changes in WSSGs is a challenge, a discrete phase model (DPM) was

developed; this model allows a good evaluation of WSSGs.
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Figure. 1.3: Example of CT scan based CFD simulations on five AAA patients (from Soudah et

al 2013 [38]).

Eduardo Soudah & al 2013 [38] published an article whose objective is to find a
correlation between on one hand the geometric parameters of AAAs and on the
other hand WSS, flow dynamics in aneurysms, intraluminal thrombosis (ILT), and
rupture of the wall of the aneurysms. CFD simulations of 3D rigid wall models of five
AAA by patients were used (see Figure 1.3). The results obtained show that the
WSSmax values in an infrarenal AAA are higher than those in a normal aorta and
their values are not directly related to the maximum diameter, which shows the
need for the use of real geometries for a better evaluation of the risk of rupture of

the aneurysm. Therefore, relying on one or two geometric parameters only to
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determine this risk of rupture precisely is insufficient. AAA rupture is a complex
situation dependent on maximum diameter, internal pressure, wall stresses,

asymmetry, secularity index, ILT thrombosis, and tortuosity among other

para meters.
Normal SCl AAA
Geometric model Geometric model Geometric model
Normal SCI AAA

Wall shear stress Wall shear stress Wall shear stress

0.6

0.0

Figure. 1.4: 3D models (top) and WSS in healthy, spinal cord injury (SCl) and AAA subjects
[55].

Shabestari et al 2011 [42] in their paper, a three-dimensional abdominal aorta
aneurysm model was constructed based on CT-scan/angiography images. The results
of this investigation indicate the direct relation between the aneurysm diameter and
pressure. Arzani et al 2014-a [23] studied the changes in blood topology during rest

and exercise conditions using five patient-specific AAA geometries based on MRI

13



Chapter 1

data with diameters <5cm. In this work it was concluded that the overall residence
time is reduced in exercise conditions in all aneurysms. The behaviour of the jet of
blood penetrating into the aneurysm during systole is the main factor that is
responsible of the change in flow topology from rest to exercise.

In addition to the studies cited above [18,23,25,27], Dalman et al 2006 [55]
conducted a study on the effect of exercise on hemodynamic parameters and
concluded that exercise reduces the progression of the small AAA (see figure 1.4).

Wan Naimah & al [56] in an article published in 2014 entitled "A perspective
review on numerical simulation of hemodynamics in aortic dissection". In this review
work, the team made a synthesis of the FSI fluid-structure interaction and rigid wall
methods and the effect of taking into account or not the flexibility of the wall on the

wall stresses and on the dynamics of the wall.

1.4. PC-MRI AND 4D-FLOW TO MIMIC REALISTIC RESULTS

Whilst available since the 90s, it is mainly used for research purposes in the recent
decade 4D flow CMR (also called 4D PC-MRI and 4D flow MRI). During the last
decade, 4D flow MRI emerges as a promising tool to visualize and quantify blood
flow (in all 3 directions + time). Additionally, 2D PC-CMR allows the visualization and

acquisition of spatial distribution of velocity in a two-dimensional plane (2D).

Velocity [m/s]

0.30
0.23
0.15
0.08
0.00

Figure. 1.5: Pathline visualization in AAA patient using 4d flow MRI (from Ziegler et al 2019

(57]).
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The development of these technics offers access comprehensively to in-vivo flow
data. The validation of CFD and FSI models against in-vivo data and the use of
realistic and patient-specific boundary conditions become possible (see an example
in Figure 1.5 from Ziegler et al 2019 [57]). The emergence of these new medical
imaging technics allowed also their use in the acquisition and the post-processing of
in-vitro studies (see an example of 4D flow MRI used phantom models of AAA in

figures 1.6 a and b (Wang et al 2016 [58]).

Figure. 1.6: a) Examples of images acquired by 4D flow MRI for an axisymmetric AAA
phantom. b) Evolution of velocities fields over time measured by 4D flow MRI for the case of

an axisymmetric AAA phantom in silicone [58].
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David Hardman & in 2013 [41] in their work presented a comparison between
three input condition data in an AAA which are (i) a single component velocity
extracted from MRI imaging (ii) a 2D velocity profile with an axial velocity
component (iii) 2D velocity profile with 3 velocity components. The results found
show that the entrance velocity based on central line velocity obtained for example
by Doppler ultrasound leads to very amplified hemodynamic conditions and it is not
recommended, a condition at one velocity component is sufficient when we are
interested in the general flow characteristics and spatial distribution of WSS wall
shear stresses. It is preferable to use a 2D MRI velocity profile with three velocity
components in the case where the interest is in the residence time of the particles,
the WSSs, and the oscillation shear index. Note that the models used to assume that
the wall is rigid.

David Hardman & al [59] published a very interesting article in 2013 following his
PhD thesis at the University of Edinburgh. D Hardman counts the biological activity
to which the wall of the aorta is exposed and sites the inflammation, the degradation
of the matrices metalloproteinase of the extracellular matrices. This process is
orchestrated by monocytes affecting the aorta and damaging and weakening the
wall and making it vulnerable to rupture. This work deals with the deposition of
monocytes using turbulence modelling by large Eddy simulation (LES ) and uses a
DPM (discrete phase model) under Ansys Fluent. The fluid is assumed as a
multiphase medium, the model has been applied first to idealized AAA models and
then to specific patient aneurysm geometries, and the wall is assumed to be rigid.
The velocity profile at the entrance is 3-component based on MRI data. The results
obtained showed that the deposits of monocytes become significant from a critical
diameter of AAA equal to 1.8 times the diameter of the entrance of the aneurysm
and the adhesion of monocytes is observed in the proximal part for the small
aneurysms and in the distal part with the expansion of the AAA (as the expansion
progresses). The infiltrations of the monocytes responsible for the weakening of the
wall occur in a heterogeneous way. The peak residence time of monocytes increases
with the size of the aneurysm sac and the average residence time increases rapidly

as soon as the sac exceeds 1.8 times the diameter of the AAA entrance, which
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suggests that this is the critical size from which the infiltration of monocytes and the
degradation of the wall increases in a significant way.

Ethan Okung et al 2011 [60] carried out an experimental work (in-vitro) in a
complex patient-specific AAA geometry using real boundary conditions (in rest and in
exercise conditions) taking into account the iliac arteries, subsequently, an in-silico
model was used and the simulation results were compared with the experimental
results. A high degree of agreement was found between the experimental
measurements and simulated results in all of the pressure and flow waveform

shapes and magnitudes.

1.5. CFD IN CLINICAL APPLICATION AND ARTIFICIAL
INTELLIGENCE EMERGENCE

The development of computing capabilities and high-performance computing

allowed the use of more complex numerical models with lower time consumption in

the calculation to reproduce realistic hemodynamic data from computational fluid

dynamic models leading for the first time the Food and Drug Administration (FDA)

approved for the first time the use of computational models in the clinical use [61].
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Figure. 1.7. Streamlines computed at different time frame CFD and 4D flow data (from our

paper Piatti & Belkacemi et al 2017 [62]).
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The numerical models suffer from uncertainty in boundary conditions and blood
rheology models. On the other hand, the in-vivo data (4D flow ) suffer from artifact
errors, measurement noise and low spatiotemporal resolution which make the
measurement of important hemodynamic indicators not sufficiently accurate
(measurement of WSS for example). Chapter 7 have shown in the case of CoA
patient, how the combination of in-vivo data represented by 4D flow MRI and in-
silico data represented by CFD simulations are interesting from a clinical point of
view in the management of cardiovascular diseases ( see figure 1.7 [62]).

The recent development in artificial intelligence models (artificial neural network
ANN, physics-informed neural network PINN) gained attention in the last few years.
Arzani et al 2021 [63] show how PINN could be a good solution to improve WSS
estimation in cardiovascular disease in cases where inlet and outlet boundary
conditions were not available. An example of a stenosed artery is shown in Figure 1.8
showing how PINN could be used to obtain an accurate estimation of blood flow

near the wall (WSS for example).
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Figure. 1.8: velocity vectors results in the 2D stenosis model and WSS results in the region
distal to the stenosis are compared between the CFD and PINN models. Inlet and outlet

boundary conditions were not specified in the PINN problem. From Arzani et al 2021 [63].

1.6. ILT IN AAA: ON THE USE OF CFD METHODS

Despite the inexact role of ILT in AAA rupture; the detection of ILT and the prediction
of its growth are important for clinicians in the treatment and management of AAA

patients. The fact that AAA is often associated with the deposition of blood clots and
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cell debris in the ILT, as well as the breakdown of connective tissue in the wall, which
plays an important role in the rupture and remodeling of the wall, makes the fluid
dynamics in AAA, including the evolution of velocity and wall shear stress (WSS)
based hemodynamic parameters, a very promising index to improve the prediction
of rupture and ILT accumulation. This has led many studies to investigate the
relationship between WSS-based indicators and ILT deposition and growth.

The mechanism of ILT formation suggested by Biasetti et al 2011 [43] is in relation
to the vortex formation in the neck creating activated platelets (AP) transported
through the aneurysm sac and then released at the distal zone of AAA which then
adhere to the wall in this area. The wall shear stress derivatives are hemodynamic
parameters acting on the endothelial cells. The nexus between WSS derivatives and
ILT deposition and growth gained attention with the aim to understand and predict
ILT deposition and growth and consequently AAA progression and rupture.

In addition to their thrombogenic function, the endothelial cells are also the
mechano-detecting elements which detect the local blood flow conditions and
induce autocrine stimulation. Wall shear stress (WSS) expresses the friction which
induces a tangential force and links blood flow to the vessel wall. In-vivo and in-vitro
studies demonstrate the destructive effect of low and oscillatory WSS on endothelial
function and their effect on intimal thickening. Unlike the situation where there is a
low magnitude of WSS, under high physiologic WSS, the ECs are aligned to the flow
direction [64]. Regions of low WSS are also associated with rupture and expansion
sites of the AAAs [65], whereas, at high levels of WSS, the atheroprotective
endothelial phenotype decreases the expression of the vasoconstrictor.
Furthermore, WSS and their derivatives are also correlated to ILT deposition and
growth in cardiovascular diseases including AAAs [24, 30, 32, 37, 66-70]. Along with
its inexact role in AAA rupture, the ILT process is very complex. The detection and
prediction of ILT deposition and growth are of importance for clinicians in the
treatment and management of AAA patients and were of significant interest in
recent studies [66]. In chapter 6 an investigation is carried out to study the
relationship between WSS derivatives and ILT deposition estimated by segmentation

from DICOM images. Wall shear stress and related hemodynamic parameters are
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obtainable non-invasively using CFD simulations, which is an important advantage
from the clinical point of view.

Forneris et al. 2020 [71] suggested a new parameter combining time-averaged
wall shear stress (TAWSS) intraluminal thrombus (ILT) thickness based on CFD
analysis and wall stress based on strain analysis to score regions and predict regions
of possible rupture. This study was limited to one ruptured patient, despite this
limitation the study showed an interesting effective application of numerical
methods in the management of cardiovascular disease including AAA (see Figure

1.9).
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Figure. 1.9: Regional Rupture Potential (RRP) index computed based on TAWSS, ILT and

maximum strain in AAA patient (from Fourneris et al 2020 [71]) the black arrow indicates the

site of rupture.
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1.7. CONCLUSION

The main objective of using numerical simulations in the study of AAA is to
understand the hemodynamics in this disease and consequently define the
relationship between on one hand geometric parameters of AAAs and on the other
hand wall shear stress derivatives and wall strain. As mentioned earlier the Food and
drug administration (FDA) approved the CFD method in clinical use [61]. Additionally,
Numerical methods present the advantage of giving the possibility to investigate
non-invasively cardiovascular disease including AAAs and consequently present a
good tool for clinicians in the management of patients and to better stratify the risk
for AAA rupture by determining additional criteria to help surgeons make clinical
decisions regarding the surgical intervention of patients with AAA. The current
clinical guidelines suggest considering the maximum diameter as a criterion for
planning and surgical intervention; this approach is too simplistic and numerical
methods could help in addition to overlook other morphological parameters that are
associated with the risk of rupture.

The main aim of the other studies is to find an additional and new criterion for
planning and surgical intervention using CFD as a non-invasive tool. In our thesis, the
effect of aneurysm’s asymmetry using idealized models is studied in Chapter 5 and in
Chapter 6 realistic models of abdominal aortic aneurysm are used to investigate the
relationship between IL and WSS derivatives (TAWSS, OSI, RRT, TransWSS and ECAP)
and finally, patient-specific aortic coarctation is investigated in chapter 7 using
computational fluid dynamics based on 4D flow MRI data. The simulation results are

compared and validated with in-vivo data.
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2.1. INTRODUCTION

As it has been shown in the general introduction, According to the World Health
Organization (WHO), despite the development of medical imaging and the use of
the most efficient technologies in the sector of health care, cardiovascular diseases
(CVD) are the leading causes of death in the world [1]. The middle- and low-income

countries compared to the developed countries present a higher mortality rate from

CVD (see Figure 2.1).
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Figure. 2.1. Mortality rate from cardiovascular disease (per 100,000) by countries — 2013-
2017 (adapted from [1]). Dark red color show regions with highest mortality rate and blue

correspond to regions with lowest mortality rate.

In 2016 the INSP conducted a new national survey to estimate the medical causes
of death in Algeria. The results of this study have shown that cardiovascular diseases
are the leading cause of medical death (21.3%) (See Figure 2.2). In 2021 the INSP
pointed out that CVD represented 34 % of overall causes of death [72].

This Chapter presents the main general information about, the cardiovascular
system; cardiovascular diseases and focuses specifically on two diseases that affect

the main artery in the cardiovascular system which is the aorta and which we will
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study in our thesis .ie. Abdominal aortic aneurysm (AAA) and aortic coarctation

(CoA).
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Figure. 2.2. Distribution of the main medical causes of death in Algeria (Adapted from INSP
medical survey 2016 [73]).

2.2. CARDIOVASCULAR SYSTEM

The main role of the cardiovascular system is the irrigation, oxygenation, and
transportation of nutrients to tissues and organs, as well as the waste products that
are transported from the organs back to the heart and subsequently to the lungs.
The circulatory system consists of two vascular loops: pulmonary circulation, which
carries blood between the heart and the lungs, and systemic circulation, which
carries blood between the heart and the organs. The pulmonary circulation
simultaneously supplies the right and left lungs, and the systemic circulation
simultaneously supplies the upper and lower parts of the body (see Figure. 2.3).

The cardiovascular system has two parallel networks of vessels: arteries and
veins. The arteries constitute the network of vessels delivering oxygen, and the veins

constitute the so-called "return" network of blood to the heart and the lungs.
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Figure. 2.3. Pulmonary and systemic circulation [74]. Red color relates to blood rich in

oxygen 02 and blue color relates to blood poor in 02).

The study of the cardiovascular system concerns the study of three components,
i) the heart which ensures blood circulation and plays the role of a pump assuring
the irrigation of nearly 100,000 kilometers of vessels, ii) vessels, which serve as
passageways or pipes to deserve all the body from the heart, and iii) blood which

plays the role of medium of transportation.
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The arteries play an essential role in maintaining blood pressure during the
cardiac cycle thanks to their elasticity; this optimal blood pressure allows the
irrigation of all points of the body, even the most distant capillaries. Endowed with
their own musculature (smooth muscle cells), the arteries can vary the state of
tension of their wall and thereby regulate blood pressure.

In this work, we focus on two diseases that affect the main artery in the
cardiovascular system which is the aorta. Abdominal aortic aneurysm AAA and aortic
coarctation CoA will be studied in our thesis. The following sections will be

dedicated to the presentation of these two diseases ( .ie. AAA and CoA).

2.3. AORTA ANATOMY AND DISEASES
2.3.1. Anatomy of the aorta

The aorta is the largest artery of the cardiovascular system. It starts directly from
the heart (left ventricle) and supplies all the organs of the body through systemic
circulation (except the lungs) and extends to the abdomen then it divides into the

two iliac arteries (See Figure 2.4).
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Figure. 2.4. Schematic representation of the aorta in the human body (a) [75] a Segmental

division of the aorta (b) (adapted from [76]).
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As shown in figure 2.4(b), the anatomy of the aorta can be divided as follows: (1)
the aortic root; (2) the sinotubular junction; (3) the ascending aorta; (4) the aortic

arch; (5) the descending (thoracic) aorta, and finally (6) the abdominal aorta AA [76].

2.3.2. Abdominal Aortic Aneurysm AAA

The abdominal aorta AA is the diaphragmatic aorta down to the aortic bifurcation
(see Figure 2.4 (b) pink color and number 6), it includes the inferior phrenic arteries,
branches of the celiac artery (hepatic artery, gastroepiploic artery, and splenic
artery), renal arteries, superior mesenteric artery, inferior mesenteric artery, lumbar
arteries and spinal artery, and the iliac arteries.

Abdominal

Normal Aortic Aneurysm

Ruptured aortic
aneurysm

Normal aorta Aortic aneurysm

Figure. 2.5. Schematic representation of the normal abdominal aorta, abdominal aortic

aneurysm AAA, and ruptured AAA. The image is adapted from [77].

The normal diameter of the abdominal aorta is equal to 2.0 cm (mean + 2 SD) and

the normal diameter of the infrarenal abdominal aorta is <2.0 cm (mean + 2 SD) (see
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the leftmost side of Figure 2.5 and the red arrows in Figure 2.6). There is a rule
called the "thumb rule" that allows you to know the approximate diameter of the
abdominal aorta, which says that the size of the AA is approximate to the size of the

patient's thumb.

Figure. 2.6. Abdominal aortic aneurysm reconstruction image of an abdominal aortic
aneurysm (white arrows), the healthy part of the aorta is indicated by red arrow and iliac

arteries by blue arrow (CT sacn provided by radiologist during the thesis).

There is no universally accepted definition of AAA. However, most commonly it
refers to deformation and a localized dilatation of the abdominal aortic wall (usually
infrarenal) with an increase in diameter of 50% [78,79] or more of the diameter of a
healthy aorta (typical value used to define an AAA is > 3 cm - see the right side of
Figure 2.5). AAA is one of the most common cardiovascular diseases, with a
prevalence of 1.7-5 % for people over 65 years of age [80], reaching up to 10% for 80
years old male subjects [81]. AAA can undergo sudden rupture, frequently fatal,
making AAA rupture one of the most common causes of death in the world. Most
patients are unaware that they have an AAA and are diagnosed accidentally

(incidental finding). Most AAAs are asymptomatic and remain asymptomatic until
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rupture. Pain resulting from the expansion of the AAA indicates a threat of rupture.
Pain attributable to AAA is usually new, constant, and located in the mid-abdomen,
pelvis, or lumbar (lower back) region.

Rupture usually presents with abdominal or flank pain, hypotension, or
abdominal distension (abdominal bloating). Other telltale or indicative signs may be
a shock, cardiac arrest, aortic thrombosis, lower extremity thromboembolism,
embolization of mural thrombus (clot), thrombosis in situ, and infection
(endovascular infection) which leads to rupture.

According to Kavanagh et al 75% of clinically-relevant abdominal aortic
aneurysms (AAAs) present with intraluminal thrombus (ILT) [82]. Da Silva et al. [83],
report that ruptures occurred in the region of intraluminal thrombus (ILT) in 80% of
AAA. However the role of ILT in AAA is still controversial between protective role
from rupture or factor contributing to the degradation and consequently the
rupture of the wall. Despite its role, ILT formation is related to the abnormal and
non-physiologic hemodynamic conditions to which the endothelial cells ECs are

subjected to. An example of ILT in AAA patient is shown in Figure 2.7.

Abluminal ]

Luminal

a)
Figure. 2.7. Example of CT scan slices in axial views ( derived from one of the group of
patients studied in Chapter 6) ; lumen and ILT regions are shown and Cross-section of the

bulk ILT tissue [84].

2.3.3. Aortic coarctation CoA

Coarctation of the aorta (CoA) is one of the most severe congenital heart diseases

(CHD); it involves stenosis (in which a part of the aorta is narrower than usual of the
29
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thoracic descending aorta (see Figure 2.8), in the vicinity of the ductus arteriosus,
after the subclavian artery takeoff. The two main types of coarctation are pre- and
post-ductal as presented in Figure 2.9 [85]. This malformation if not treated early,
can lead to a decrease in life expectancy due to complications such as coronary
artery disease, hypertension, stroke, rupture of the vessel, and aneurysm formation
[86]. Typically, CoA is diagnosed in childhood and accounts for around 5%-8% of all

congenital heart defects [87].

Indentation
(Coarctation)

Coarctation of
the Aorta

Figure. 2.8. lllustration depicting coarctation of the aorta with heart [88]

Aorta
Ductus Arteriosus
-\ Coarctation

Intercostal Arteries

Pulmonary Artery

Figure. 2.9. Aortic coarctation: (a) preductal coarctation; (b) postductal coarctation, the
most frequent type in adults [85].
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2.3.3.1. Diagnosis

For CoA in the infantile type (pre-ductal type), most cases are symptomatic due to
heart failure caused and depend on age, association with other and more complex
cardiac malformations. For young adults, adolescents, and older children the
coarctation is asymptomatic and is diagnosed accidentally by imaging the chest
(radiography or echocardiography).

For the diagnosis of CoA, transthoracic echocardiography TTE is the most used
imaging technique in clinical routine, especially for infantile and young child patients
thanks to their small bodies allowing access to the coarctation region and providing
information about the site, structure, and hemodynamic data. However, in older
and/or obese patients the visualization by TTE becomes difficult. In that case,
computed tomography imaging (CT scans) could be useful to extract and visualize
the 3D anatomy of the CoA.

Thanks to new technological developments in data analysis, image acquisition, and
reconstruction, Magnetic resonance imaging (MRI) makes an interesting non-
invasive contribution to the study of the coarctation of the aorta. Contrary to the CT
imaging technique, the MRI technique provides hemodynamic information and is
not ionizing. Thanks to cine-MRI, dynamic images could be provided. Furthermore,
3D time-resolved phase contrast MRI, with three-directional velocity encoding (4D
Flow MRI), allows both visualization and quantification of in-vivo blood flow with full
volumetric coverage of the aorta [89]. Nevertheless, because of its cost and its
technological constraints, MRI and MRI-based techniques are still not abundant in
low-income countries and in limited resources hospitals.

Up to now, 4D Flow MRI is the unique way to measure and visualize full 3D time-
dependent in-vivo blood flow [90], though with the drawback of low spatial and
temporal resolution [62,91] and requiring a longer scanning time [92] (up to 20
minutes in cases of a large volume of interest, such as the aorta or whole heart).
Furthermore, computational fluid dynamics (CFD) provides insights into the 3D

blood flow and wall parameters with high spatial and temporal resolution compared
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to 4D Flow MRI. Moreover, CFD allows the use of virtual surgery planning by
modifying the vessel in the planned or desired postoperative geometry [93].
However, their consistency (.ie. CFD) with in-vivo data may be hampered by the
used boundary conditions and the precision of complex patient-specific geometries.
An example of segmented 3D geometry extracted from volumetric magnetic resonance

angiography MRA images of a Patient presenting aortic coarctation is shown in Figure 2.10.

Figure. 2.10. Example of segmented 3D geometry superimposed on a volumetric magnetic
resonance angiography MRA images of a Patient presenting aortic coarctation (the white

arrow shows the coarctation and, the red arrow shows the heart).

32






Chapter 3

Chapter 3

Mathematical Model

33



Chapter 3

3.1. INTRODUCTION

Hemodynamics (or “blood flow dynamics”) is the study of blood flow properties. This
chapter contains some of the basics of fluid mechanics applicable to blood flow in
vessels, particularly in the case of two diseases .ie. Abdominal aortic aneurysm AAA
and aortic coarctation CoA. The first part is devoted to the composition of blood, its
rheology and its behaviour in arteries. Then the second part is dedicated to
governing equations. Finally, in the last part of this Chapter, the wall parameters

used in the post-processing of the data are described.

3.2. BLOOD: COMPOSITION, RHEOLOGY AND BEHAVIOR IN
ARTERIES

3.2.1. Composition

Blood is a suspension of cells in plasma [94]. By volume, blood is composed of 45%
cellular elements and 55% of plasma (see Figure 3.1). Under normal conditions,
erythrocytes (red blood cells RBC) represent 99% of the volume of the cells, the rest
(1%) being leukocytes (white blood cells) and platelets (also called thrombocytes,
which are fragments of cells that are responsible of the coagulation) [95]; on the
other hand, plasma, which is a yellowish viscous liquid, is composed of 90% water,
7% plasma proteins, 1% inorganic substances and 1% organic substances. It also

contains gases, products, and wastes of cellular activity and ions.

> Plasma = 55%
of whole blood

leukocytes =
<1% of
whole blood

——Buffy coat: Platelets =
platelets and
Leukocytes By — A0 %
(white blood cells) [ e .

Packed cell { — J Erythrocytes ——=
volume, or }s;z/:h;mi; (red blood cells)
hematocrit blood

Figure 3.1: Blood composition [95].
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3.2.2. Rheology of blood

Blood is a complex fluid made of a suspension of cells in plasma [94]. It was (.ie.
blood) defined by David A. Steinman [96] as fluid-filled vesicles in water-like Carrier
(plasma) (see Figure 3.2). This carrier (.ie. plasma) is mostly water with some
dissolved proteins and is widely considered to behave as a Newtonian fluid (constant
viscosity). The viscosity of blood, therefore, depends on the viscosity of the plasma,
in combination with fluid-filled vesicles (erythrocytes or RBC) and consequently the
hematocrit (% by volume of RBC, Ht). RBC looks typically like a biconcave disk with a
diameter of 7.5-8 um and 2-2.5 um height [96,97], depending on flow conditions the
RBC could take a different shape. The deformability of RBC gives blood its non-
Newtonian shear-thinning property. Higher hematocrit Ht and less deformable cells
imply higher viscosity. The relationship between hematocrit and viscosity is complex
and many formulas exist, the simplest equation was introduced by Einstein (see
equation 3.1 and figure 3.3). Various investigations and models were carried out
showing the blood viscosity p as a function of shear rate originating from the
deformability of RBC (see figure 3.4 and table 3.1).

H = Hplasma- (1 + 2.5 HY) (3.1)

Viscosity (1)

Shear stress, T

Shear rate, ¥
Figure. 3.2: Shear-dependent viscosity of blood and plasma [97].
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WISGOEIY

cP or 10

Pa's)

Harmatosrit

Figure. 3.3: Viscosity as a function of hematocrit [97].

Table. 3.1: Constitutive equations used for the non-Newtonian viscosity p of blood as a

function of shear rate j [98]:

Non-Newtonian
Model

Constitutive Equations

Characteristics and
Models constants (blood
viscosity is given in poise
1poise=0.1 Pa s)

Powell-Eyring Model

U= foo + (o — Hoo)
sinh™ A1y
* ———————————————
Ay

A =5.383s
Uo = 0.56 poise
U = 0.0345 poise

Modified Powell-

U=t + (Lo — Ueo)

A =2.415s

Model

M=uoo+(uo—uoo)*1+/w

Eyring Model In(Ay +1)] | 1o = 0.56 poise
* [W—m] Ue = 0.0345 poise
m = 1.089
Cross Model U= e+ (Uy — Uoo) A =1.007s
. 1 U, = 0.56 poise
14+ @Ay)m U = 0.0345 poise
m = 1.028
Simplified Cross 1 1 = 8.0s,

Uo = 1.30 poise
Ue = 0.05 poise

Modified Cross

1= o + (o — Hoo)

A =3.736s,

* (1
+AND T

Model . U, = 0.56 poise
. a _ .
14+ (Ay)™ U = 0.0345 poise
[ @y) ] m = 2.406
a = 0.254
Carreau Model U=l + (Lo — Uoo) A =3.736s

U, = 0.56 poise
U = 0.0345 poise
m = 2.406

a =0.254
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Carreau-Yasuda U=t + Uy — Uoo) A =3.736s
Model * (1 n=0.22
n—1 —

Casson Model VT = ko + ki ¥ ky = 0.05 02’:2@
k, = 0.04 dyne/cm?

Power-Law Model T=m(y)" Liepsch and Moravec :
n=0.61,m=0.42
Davies et al :
n=0.61m=042if
y < 2265571
@ = 0.04,if ¥ >
2265571

3.2.3. Blood Behavior in micro-circulation (small arteries) and macro-
circulation (large arteries)

As described in the earlier section the viscosity of blood depends on the shear rate.

More exactly formulated, for high shear rates, the viscosity decreases (Figure 3.4 and

Figure 3.5-a) [5,6]. At high shear rates, the disks of RBC formed orient in the flow

direction, and the viscosity decreases. At extremely low shear rates the formation of

RBC aggregates may occur, which increases the viscosity to a very high value.

2
10 GELIN

WELLS ET AL.

RAND ET AL.
SCHMID-SCHONBEIN
LINSLEY ET AL.
BIRO

SKALAK ET AL.
GUYTON

+0®r 2 epx

= Mod P-E
[T CHOSS
""" CARREAU
==- CASSON

10'F

BLOOD VISCOSITY (mPa s)

saml PR

100 = ...1-1 .la... |.L |2 S " .
10 10 10 10 10 10 10

SHEAR RATE (1/s)

Figure. 3.4: Blood viscosity as a function of shear rate from experimental and different
models. The percentage of Ht is in the range of 33-45%. Symbols relate to data measured

experimentally and solid and dashed lines represent predictions using the models [98].

As shown in Figures 3.5a and 3.5b for shear rates below 100 s™, blood viscosity

decrease exponentially, at shear rates above about 100 s™* blood viscosity become
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constant similarly to Newtonian fluid. Since in large arteries (for example aorta)
shear rates are expected to be on the order of 100 s™ the Newtonian approximation

is widely justified [96].

1000
Carreau
- "l ° N, — — — Ballyk
2 10 ,g N oy Newtonian
e = -
N
=y 102 + i N
= N\

L o 10F X ~
> 2 S

103 = - - . =

102 100 102
Shear rate ¥ (s1) b > . 3 000
01 1 1 10 _ 100 1
(a) Blood shear rate, y (s”)
a) b)

Figure. 3.5: a) Blood viscosity as a function of shear rate [99]. b) shear rate Shear-thinning
behaviour of blood, approximated by the Carreau and generalized power law (Ballyk) curve

fits. [96].

Viscosity also depends on the size of the blood vessel (Figure 3.6). In small blood
vessels and at low velocities, blood viscosity decreases with decreasing vessel size
(Figures 3.7a & 3.7b). This is known as the Fahraeus-Lindqvist effect, and it begins to
play a role in vessels smaller than 1 mm in diameter (see figure 3.8). Therefore, the
non-Newtonian character of the blood only plays a role in the microcirculation

where RBC deforms significantly (see figure 3.7-b) [100].

Pa's)
-

Wiscosity
[cP or 10

1

WVessel diameter {mim)

Figure. 3.6: Blood viscosity as a function of vessel size [97].
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Figure. 3.7: a) Human RBCs flowing in a glass tube with a diameter of 7 um (bottom left-
most side figure). Blood flow through a capillary in the rat mesentery with a diameter of
approximately 7 um (bottom left-most side figure). Flow is from left to right in each case. b)
Snapshots showing instantaneous RBC distribution from a few representative simulations for

84% stenosed (right-most side figures) vessels at Ht = 22—24% (Adapted from [100]).

Modified axial train
Single-file model
flow model

Relative apparent viscosity
w
1

In vitro experiments
1 T T T T T T

3 10 30 100 300 1000

Diameter (um)
Figure. 3.8: Fahraeus-Liindqvist effet, experimental data and theoretical predictions [101].

3.2.4. Blood behavior in aortic coarctation (CoA) and abdominal aortic

aneurysm (AAA)
To summarize the blood behaviour of microvascular stenosis is very different from
that of macrovascular stenosis. In macrovascular stenosis blood behaves as a
Newtonian fluid in large arteries however in microvessels it behaves as a non-
Newtonian fluid [102]. In our study related to aortic stenosis (Coarctation) treated in
Chapter 7, the Newtonian hypothesis is maintained and more details are provided in

this Chapter and in our prior works [103, 62].
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Similarly to CoA, in AAA the non-Newtonian behaviour of blood is limited [104],
and it begins to play a role in vessels smaller than 1 mm in diameter [97,105]. Pedley
& Fung [105] show that in vessels greater than approximately 0.5 mm in diameter it
is reasonable to model blood as a Newtonian fluid. This assumption was also
adopted in Chapter 5 related to AAA, however in Chapter 6 to capture blood’s shear-
thinning behaviour the Carreau-Yasuda (C-Y) model was used [69, 106]. More details

are provided in the chapters cited above.

3.3. GOVERNING EQUATIONS

Fluid dynamic is a sub-discipline of fluid mechanics which studies the movement of
fluid (gas or liquid); it is based on continuity assumption where the fluid is assumed
to be continuous instead of discrete. The governing equations are based on the
conservative’s laws: .ie. Conservation of mass, Conservation of momentum,
Conservation of energy, Conservation of species, and Effects of body forces (in our

case the Conservation of mass and Conservation of momentum are used ).

3.3.1. Mathematical description of fluid flow (governing equations)
3.3.1.1. Conservation of mass equation (continuity)

Considering an infinitesimal material volume of fluid V,,(t). The mass m contained
in this volume is:

m= p dv (3.2)
Vin(t)

where p is the local density. If the material volume contains neither sources nor
sinks, the mass which is in 1, (t) is constant and we can write it as follow:

4= f dV =0 (3.3)
at’" T dt Vm(t)p B '

We apply the transport theorem to this equation:

d ap 0
—f p dav =f —dV +f pv.ndA (3.4)
at Jy, o V() Ot Am(®)

And the Green-Ostrogradsky theorem (supposing the volume V,,(t) does not

contain a discontinuity):
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f pv.ndA = f V.pv dV (3.5)
A (D) vm(t)
We obtain :
dp
j [— + V.pv] dV =20 (3.6)
ym(e) LOt

The volume of integration is arbitrary and consequently the integrand must be
identically zero:

dp
S, +V.pv =0 (3.7)

This local equation expresses the conservation of mass. It is applicable at any point
of a continuous fluid containing no sources or sinks.

Equation (3.7) is often referred to as the continuity equation. It can be written in a
slightly different form by expanding V. pv

According to a classic vector identity: V.pv = pV.v +v.Vp

By substituting this relation in (3.7), we obtain:

dp

§+pl7.v +v.Vp=0 (3.8)
and we can write (3.7) in the form (when p is considered as constant:

9p +poV.v =0 3.9

3.3.1.2. Conservation of momentum equation

Considering again a material control volume 1}, (t). The momentum contained in
this volume is:

f pv dV (3.10)
Vin(t)

The fundamental principle of dynamics states that the change in momentum of this

material system is equal to the sum of all external forces applied to it. Considering

again a material control volume 1}, (t). The momentum contained in this volume is:

|
— pv dV =F (3.11)
dt Jy,,0)

In most (classical) situations, two types of forces act on the fluid contained in

Vi
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1- the volume forces that can be expressed in the form: fV © PI dv

2- the surface forces which act through the surface area 4,,(t): t(n)dA

fAm(t)
n: denotes the exterior normal.
t (n): is the constraint vector acting on dA.

The expression (3.11) can therefore be written in the form (after projection on
the axis of fixed Cartesian systems):
d .
%j pvdV = f pgdv + f ti(n) dA (3.12)

Vi () Vi () Am(t)

Here we use Einstien's notation: t;(n) = T;; n;

From a physical point of view, it is interesting to decompose the constraint t into
two parts:
e Stress associated to the pressure
e Stress associated to viscous forces

The pressure acts isotropically and its value depends only on the thermodynamic
state of the fluid. The Viscous stresses are, on the contrary, essentially linked to the
state of deformation of the fluid. We can write under these conditions:
Tij = —p &y + Tjj
T;j : Stress Tensor
—p &;; : Tensor of stresses associated to the pressure
T;; : Tensor of viscous stresse

Based on these equations and after the expansion of the second term of

equation (3.12) we find:

dv ..
p——dV = f [p g———+ dav (3.13)
fvm(o dt V() 0x = 0x

The control volume V,,(t) is arbitrary and the integrands appearing in both

members must be identical:

v _ 0, 00 3.14
Par = " ax TPI T o (3.14)

The physical meaning of this equation becomes clear:
The quantity of Acceleration Constraints per volume unit =
Forces associated to the exerted pressure per volume unit +

Volume forces per volume unit + Viscous forces per volume unit
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3.3.1.3. Continuity and momentum conservation equation in specific
forms (Newtonian & Non-Newtonian fluid)

In our study in chapter 5 and chapter 7, the blood is considered as an
incompressible and Newtonian fluid, with a homogeneous dynamic viscosity [62,
107]. The flow in the abdominal aorta is hence described by the general

incompressible Navier-Stokes and continuity equations:
p%: —Vp+ulv (3.15)

V.v=0 (3.16)

Where p is the density of the blood, p is the pressure of the blood and p is
dynamic viscosity of the blood.

However in chapter 6, the shear thinning behavior is taken into account by using
the careau yasuda C-Y model. As it was shown in equation 3.14, T; represent the
tensor of viscous stresse, The stress tensor for an incompressible Newtonian fluid is
defined as:

where p is the Newtonian viscosity of the fluid and d;; is the rate of deformation

tensor. The d;; is defined as:

1
dij =5 (Uij = ;) (3.18)

In non-Newtonian fluids, the notation y is used to represent the shear rate:

Y= /2 dij dji (3.19)

For incompressible Newtonian fluids, the relationship between stress tensor and
the shear rate is linear. Any fluid that does not exhibit the same behavior as the
Newtonian constitutive relationship of Eq. (3.17) is classified as non-Newtonian.

Viscosity can be described as measurement of the resistance of a fluid to deform
or to flow under shear stress [108]. In the simplest type of non- Newtonian model
and assuming that blood behaves as a generalized Newtonian fluid [109],used in this
study (often called as generalized Newtonian or purely viscous), the stress is a

function of the shear rate only and the relation in Eq. (3.17) can be generalized as
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7i;=2 u(y)d;; (3.20)

u(y) is the viscosity a function of the magnitude of strain rate. Blood viscosity
decrease (shear thinning) when it is driven to flow at high shear rates. It was shown
the shear thinning behavior could be captured using the Carreau- Yasuda model

defined as:
1(¥) = to + (o — Uoo) * (1 + (4 i/)“)nT_1 (3.21)

where n, ¥, U and y, are the viscosity, shear rate, viscosity at infinite shear-rate
and the zero-shear viscosity, respectively. A, &, and n are material coefficients (A =

1.902s,a=1.25,n=0.22). For blood, - =0.00345 Pa s, uo = 0.056 Pa s [110,98].

3.4. WALL PARAMETERS EQUATIONS

Many hemodynamic wall parameters including Time-Averaged Wall Shear Stress
(TAWSS), Oscillatory Shear Index (OSI) [112], TransWSS [113], Relative Residence
Time (RRT) [114], and Endothelial Cell Activation Potential (ECAP) are documented
in chapters 5 and 6. An in-house MATLAB script is used for the post-processing and

the calculation of those parameters.

In detail, WSS is the friction which creates a tangential force exerted by the blood

flow on the vessel wall (see Figure 3.9). It is defined as:

ov
WSS = pu (@> (3.22)
y=0

Where y is the distance to the wall, v the velocity of the fluid and p the dynamic

viscosity.
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Range of Wall Shear Stress Magnitude
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Figure 3.9: Wall shear stress (WSS) force excreted to the arterial wall. WSS is represented

as the tangential force exerted by the blood flow on the vessel wall [64].

In addition to the endothelial layers’ thrombogenic function, they are (.ie.
endothelial layers) also the mechano-detecting elements which detect the local
blood flow conditions and induce autocrine stimulation. In-vivo and in-vitro studies
demonstrate the destructive effect of low and oscillatory WSS on the endothelial
function [97] and their effect on intimal thickening. Under physiologic shear stress,
the endothelial cells are aligned to the flow direction, which differs from the low
shear stress case (see Figure 3.10)[97, 64]. Regions of low WSS are also associated
with rupture and expansion sites of the AAAs [65]. The high level of WSS leads to
athero-protective endothelial phenotype and decreases the expression of the

vasoconstrictor [97].

Physiologic Arterial Low Arterial
Hemodynamic Shear Stress Hemodynamic Shear Stress

(ts >15 dyne/cm?) (tg ~ + 0-4 dyne/cm?)

N e — o FACR S RN TR RS

Figure 3.10: Relationship between WSS range and the alignement of endotghelial cells. An
example of bovine Bovine aortic endothelial cells exposed for 24 hours to: 1- physiologic
shear stress (align in the direction of blood flow left Figure) and 2- to low shear stress (right

Figure) [64] (1 dyne/cm2 = 0.1 Pa).
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The OSI is a mechanical factor related to flow oscillation throughout the cardiac
cycle of period T. It represents the temporal variation in WSS direction which has
been shown to affect the endothelial cells (EC) behavior. This dimensionless scalar

index range between 0 and 0.5 and is defined by:

1 (1 ~ AWSSV) (3.23)

0SI'=5 TAWSS

AWSSV = % |f:w_ss’ dt| is the magnitude of the time-Averaged WSS vector.

TAWSS = %f:lwss |dt is the time-Averaged WSS magnitude.

WSS is known to regulate the endothelial phenotype where low TAWSS values
(<0.4 Pa) are atherogenic however physiological and elevated values are known to
play the role of quiescent atheroprotective phenotype (> 1.5 Pa) [64].

The Relative Residence Time (RRT) is a mechanical factor which includes the
effects of both OSI and the time-averaged WSS magnitude. This hemodynamic

metrics is able to capture low and oscillatory WSS regions. It is defined as:

1
RRT = 3.24
(1—-2.081). TAWSS ( )

The endothelial cell activation potential (ECAP) is a new parameter [14], which
characterizes the degree of thrombogenic susceptibility of endothelial cell. This
parameter localizes regions of high OSI and low TAWSS by using the ratio of OSI and
the TAWSS .

0SI

ECAP = mss

(3.25)

To distinguish between multidirectional and uniaxial flows, transversal WSS
(TransWSS) is introduced by Peiffer et al [113]. TransWSS completes TAWSS and OSI
instead of replacing them. Using this metrics combined with the values of TAWSS
and OSI it will be possible to understand whether the flow is i-Unidirectional
disturbed flow, ii-Oscillating non-disturbed flow, iii-Unidirectional disturbed flow or

iv-Oscillating disturbed flow. Figure 3.11 show the importance of studying this
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parameter to capture the nature of the flow near the wall to which the endothelial

cells are subjected. It is defined as fellow:

o J,wss dt

1 T
TransWSS = = j wss.| A —— || dt (3.26)
T 1Jo |f0 WSS dt|
Purely forward Pulsatile flow Multi-directional
flow with reversal disturbed flow

\/

: . <gm —> .
‘N
25

TAWSS: 25 2.5
Osl: 0 0.367 0.367
RRT~ 1 3.76 3.76
TransWSS: 0 0 1.1547

Figure 3.11: Graphical representations of flow near the wall to which Endothelial cells EC

are subjected and relation with hemodynamic metrics [113].
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Chapter 4

Methodology and Numerical Model
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4.1. INTRODUCTION

Hemodynamics (or “blood flow dynamics”) is the study of blood flow properties. This
chapter contains some of the basics of fluid mechanics applicable to blood flow in
vessels, particularly in the case of two diseases .ie. Abdominal aortic aneurysm AAA
and aortic coarctation CoA. The first part is devoted to show the methodology and
the workflow adopted in our study in Chapter 5, 6 and 7. In the second part, a
description of the used numerical model is summarized based on the code used in

our studies.

4.2. METHODOLOGY AND WORKFLOW OF CFD STUDIES

To conduct CFD simulations a standard workflow needs to be followed, Ansys Fluent
user guide defined nine steps in four parts as shown in the following flowchart (see

Figure 4.1).

Problem identification

1. Define goals

2. Identify domain

N/

Pre-Processing

N

3. Geometry

4. Mesh

5. Physics

6. Solver settings

Solve

9. Update Model

7. Compute solution

\Z

Post-Processing

8. Examine results

Figure. 4.1: Main CFD simulations flowchart [adapted from Ansys Fluent user guide].
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In the first step we need to identify which results we are looking for (parameters
of interest .ie. pressure, velocity, wall shear stress ...etc). The region of interest ROI
should be identified in the second step. From these steps, we should identify the
appropriate physical model (equations to be resolved), which assumption could be
acceptable for the study, which boundary conditions are needed and are available.

In the second part (preprocessing), the geometry is defined and created after the
definition of the adequate fluid domain (in some cases simplification and smoothing
of geometry are needed to remove uncertainty features and avoid possible
complicated meshing). The adopted geometry needs to be divided into a number of
elements (meshing) called control volumes (control volumes are the basis of the
finite volume method FVM which will be detailed and explained in the following
sections). In the fifth and sixth steps, we need to set up respectively the physics and
the solver settings, where we define material properties, physical model, boundary
conditions, and initial conditions.

In the third part (step seven), the discretized conservation equations are solved
using iterative methods until reaching a pre-defined precision. This precision is
verified based on the estimation of residuals (changes in solution variables between
two consecutive iterations).

The last part (step eight) called Post Processing consists of the visualization and
examination of the results using post-processing code or coding external scripts.
This part allows the verification of the physical behaviour and the validation of the
numerical results. Starting from this step we could decide whether we should adapt
the model or not (step 9).

The following sections will be dedicated to the solving part, where the
mathematical description of fluid dynamics and the methodology used to solve the
equations computationally are going to be explained. The other parts (.ie. Problem
identification, Pre-processing, and Post-processing) of the workflow shown in Figure
4.1 are detailed for each specific problem in the corresponding results in chapters 5,
6 and 7 and respectively below in Figures 4.2, 4.3 and 4.3 where the flowcharts are
shown (for more details see the materials and method section in the corresponding

chapters).
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1-Creation of five AAA virtual geometries:

1.1-Creation of cross sections as two-dimensions (2D)
Equations 5.1, 5.2a & 5.2.b

Using FORTRAN script ©

1.2- Reconstruction of 3D geometries from 2D cross
sections

Using GAMBIT ©

2-Preprocessing:

2.1-Meshing (GAMBIT ©) .msh files
Equation 5.3 should be satisfied
2.2-Boundary conditions using:
Fourier series: - MATLABO script .m
- C++0© user-defined-function (UDF) .cpp

3-Processing:

3.1-Resolution of N-S equations (equations 3.15 & 3.16 in Chapter 3)
Using FVM (FLUENT Ansys ©)
(Provide velocity field, pressure, WSS and related parameters)
3.2-Mesh sensitivity analysis (coarse, medium, fine meshes)

- Qualitative comparison

- Quantitative comparison base on max WSS value
3.3-Run final simulations using the optimum mesh and validated model

4-Post processing:

4.1- Flow behavior (velocity, pathlines, vorticity ) using FLUENT and CFD-post
(Ansys © )

4.2- Calculation of wall shear stress WSS derivatives

(purposely developed in-house MATLAB script ©)

Equations 3.34 to 3.37 (in Chapter 3)

4.3- Statistical analysis (boxplots, correlations) using MATLAB script ©

Figure. 4.2: Flowchart of the methodology used in Chapter 5.
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1-CT scan

images

v

2-AAA geometry extraction

(Segmentation of the aortic lumen)
Using Simvascular ©

Vi

2’-Segmentation of the intraluminal
thrombosis ILT

Using Simvascular ©

4

3-Preparation of geometry

Shape preserving filter smoothing
Clipping (inlet, outlets)
STL files (Meshmixer AUTODESK ©)

v

3’-Calculation of ILT thickness

Using a purposely developed in-house MATLAB © script
-Extraction and Combining grid data of external and internal
walls of the ILT

-Mask artery lumen thickness

4-Preprocessing

4.1-Meshing (ICEM Ansys ©) .msh files

4.2-Boundary conditions using:

Fourier series: - MATLAB script.m ©

- C++ user-defined-function (UDF) .cpp ©
4.3-Non Newtonian model of blood viscosity (C-Y model) implementation using a
UDF (C++ ©) Equation 3.21 (see Chapter 3)

5-Processing:

5.1-Resolution of Navier-Stocks equations (equations 3.15 to 3.21)

Using FVM (FLUENT Ansys ©)

(Provide velocity field, Pressure, WSS and related parameters)
- Mesh sensitivity analysis (coarse , medium , fine meshes)

- Qualitative comparison

- Calculation of grid convergence index GCl using equations 6-1

to 6.6 (MATLAB script ©)

5.2-Run final simulations using the optimum mesh and validated model

(FLUENT Ansys ©)

7-Comparison in-house MATLAB © script
Between in-silico (CFD) results & in-vivo data

Vv

6-Postprocessing:

6.1-Velocity parameters (Pathlines) using FLUENT Ansys ©

6.2-Calculation of wall shear stress WSS derivatives purposely developed in-house
MATLAB script © Equations 3.34 to 3.37 (see Chapter 3)

6.3-Statistical analysis (boxplots, correlations ...) using MATLAB script ©

AN

Figure. 4.3 : Flowchart of the methodology used in Chapter 6.
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1-MRA 1’-4D flow MRI
volume volume
v (VTK files)

2-CoA geometry extraction

A4

-Segmentation of 3D volume the

aortic lumen from ascending aorta to 2’-4D flow data analysis
descending aorta. Using and ad-hoc MATLAB ©
VMTKlab © (.stl file) code to:

v

- Extract boundary conditions

3-Preparation of final CoA in the inlet and outlets at
geometry different time frames of the
.STL files (Meshmixer AUTODESK ©) cardiac cycle (in vivo data)

- Shape preserving filter smoothing

- Clipping (inlet ‘ascending aorta’, outlets

2""-4D flow data analysis

Using and ad-hoc MATLAB ©
code to:

- Extract velocity field in the ROI
and calculation of WSS

/

’supra-aortic branches & descending aorta’)

v

4-Preprocessing

4.1-Meshing (ICEM Ansys ©) .msh files
4.2-Creation of Boundary conditions functions using: \ /4

Fourier series (velocity waveforms)
- Supra-aortic branches -Outlet - : - MATLAB script.m ©
- C++ user - defined-function (UDF) .cpp ©

Gaussian function & linear interpolation (velocity profiles)
- Ascending aorta —Inlet-: - MATLAB script .m ©
-C++ user- defined-function (UDF) .cpp ©

N

\2

5-Processing:

5.1-Resolution of N-S Equations Using FVM (FLUENT Ansys ©)
(Provide velocity field, pressure, WSS and related parameters)
- Mesh sensitivity analysis (coarse , medium , fine meshes)
- Qualitative & qualitative comparison
- Define the optimum mesh
5.2-Run final simulations using the optimum mesh

!

6-Post processing:

7-Cross validation and comparison
Between in-silico (CFD) results & in-vivo data

-Flow behavior (Velocity, Pathlines, Vorticity) using FLUENT and CFD-
post (Ansys ©) & a MATLAB script ©

Figure. 4.4 : Flowchart of the methodology used in Chapter 7.
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4.3. NUMERICAL MODEL (FINITE VOLUME METHOD (FVM))

In this section, the methodology used by ANSYS Fluent to resolve the governing
equations and the configuration of our numerical model is described briefly based
on the user guide of this code [111]. More details about the numerical configuration
are provided in Appendix A.

ANSYS Fluent use the finite volume method (FVM) to solve the governing N-S
equations (conservation of mass and momentum), and (if applicable) for energy and
other scalars such as chemical species and turbulence. A basic volume control
technique is used which consists of:

e Division of the domain into discrete control volumes (cells) using mesh generation.
¢ Integration of equations that govern individual control volumes to construct
algebraic equations for discrete dependent variables such as velocity, pressure,
temperature, and conserved scalars.

¢ Linearization of the discretized equations and iteratively solving the algebraic
equations over each cell in the numerical mesh.

The schemes used are locally and globally conservative. They can be applied

whatever the shape of the cells.

4.3.1. Overview of solvers

FLUENT allows us to choose one of two numerical methods:

e Pressure-based solver

¢ Density-based solver

Historically speaking, the pressure-based approach was developed for low-
velocity incompressible flows, while the density-based approach was mainly used
for high-velocity compressible flows. However, recently both methods have been
extended and reformulated to solve and exploit a wide range of flow conditions.

In both methods, the velocity field is obtained from the equations of momentum.
In the density-based solver, the continuity equation is used to obtain the density
field while the pressure field is determined from the state equation. On the other

hand, in the pressure-based approach, the pressure field is extracted by solving a
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pressure correction equation and obtained by manipulating the continuity and
momentum equations.

Both numerical methods use a similar discretization process (FVM), but the
approach used to linearize and solve the discretized equations is different. In the
next section, we will describe in general the two methods and later we will explain

in detail the solver that we used in our work .ie. Pressure-based solver.

4.3.1.1. Pressure-based solver

Pressure-Based Segregated Algorithm Pressure-Based Coupled Algorithm

Update properties

Update properties

\ 4 v
Solve sequentially Solve simultaneously:
Uvel Vvel Whvel

System of momentum
and pressure-based
continuitv eauations

Solve pressure-correction

A\ 4
(continuity) equation

Update mass flux

\ 4
Update mass flux, pressure, Solve energy, species,
and velocity turbulence, and other
scalar ennations

A 4 A4

No Yes No Yes
4[ Converged 4[ Converged @

Figure. 4.5: Overview of the Pressure-Based Solution Methods (reedited from [111]).

The pressure-based solver employs an algorithm that belongs to a general class of
methods called the projection method. In the projection method, in which the
conservation of mass (continuity) constraint of the velocity field is obtained by
solving a pressure equation (or pressure correction), the pressure equation is
derived from the equations of continuity and momentum such that the pressure-
corrected velocity field satisfies continuity. Since the governing equations are not
linear and coupled, the resolution process consists of iterations in which the set of

governing equations is solved until the solution converges.
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4.3.1.2. Density-based solver

The density-based solver solves the continuity and momentum equations and (if
applicable) energy transport and species simultaneously (coupled). The governing
equations for the additional scalars will be solved subsequently and sequentially
(i.e., separated from each other and from the coupled set) according to the
procedure described in the next section (discretization). Since the equations are
nonlinear and coupled, several iterations of the solution loop must be executed
before a converged solution is obtained.

In the density-based solution solver, we can solve the coupled system of
equations (continuity, momentum, energy and species equations if available) using
either the coupled-explicit formulation or the coupled-implicit formulation.

The way in which equations are linearized can take an implicit or explicit form
with respect to the dependent variable (or set of variables) of interest. Implicit or
explicit means the following:
¢ Implicit: for a given variable, the unknown value in each cell is calculated from a
relation that includes the existing and unknown values of neighboring cells.

Therefore, each unknown appears in more than one equation of the system, and
these equations must be solved simultaneously to give the unknown quantities.

e Explicit: for a given variable, the unknown value is calculated in each cell from a
relationship that only includes existing values. Therefore, each unknown appears in
only one equation in the system, and the equations of the unknown value in each

cell can be calculated once to give the unknown quantities.

4.3.2. The General Transport Equation for Scalars: Discretization and
Solution

FLUENT uses a control volume-based technique to convert a general scalar transport
equation to an algebraic equation that can be solved numerically. This control
volume technique consists of integrating the transport equation over each control
volume, resulting in a discrete equation that expresses the conservation law on a
volume control basis.

The discretization of the governing equations can be illustrated most easily by

considering the unsteady conservation equation for the transport of a scalar
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quantity @. This is demonstrated by the following equation written in integral form

for an arbitrary control volume V as follows:

V%dV+jngD?dﬁ=ng¢\7d>d/T+fS¢ dv (4.1)
4
p density
v Velocity vector (=u i+ vj+ wkin 3D)
A surface area vector
| P Diffusion coefficient for ®

VO Gradientof @ (=221 + g—‘; j+22kin 3D)
So source of @ per unit volume
This equation is applied for each control volume in the calculation domain. Figure
4.6 is an example of a two-dimensional triangular control volume. Equation 4.1

applied to a cell gives:

opd Nfaces . Nfaces .
7V+zf pr vy Pf . Ap =Zf Lo VO Ar + S V (4.2)
Nfqces Nombre of faces which enclose the cell
O Value of ® convected through the surface f
pr 7]: E Masse flux through the face f
E Area of the face f, |A| (= A, i+ A, j+ A, kin3D)
VO Gradient of ® through f
v Volume of the cell

With % V is defined in the temporal discretization section. The equations solved by

FLUENT take the same general form as the one given above and are easily applied in
multi-dimensional cases, unstructured meshes and composed of arbitrary
polyhedra.

The discretized transport equation of the scalar (equation 4.2) contains the
unknown scalar variable @ at the center of the cell, as well as the unknown values in
surrounding neighboring cells. A linearized form of equation 4.2 is written (see
Appendix A in the section “Solving the Linear System”). Analogous equations can be

written for each grid cell. This results in a set of algebraic equations. For scalar
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equations, FLUENT solves this linear system using an implicit point (Gauss-Seidel)

linear equation solver in conjunction with an algebraic multi-grid (AMG) method.

Figure. 4.6: Control volume used to illustrate the discretization of a scalar transport

equation.

4.3.3. Discretization
4.3.3.1. Spatial discretization

FLUENT stores the discrete values of the scalar @ in the cell centers (cO and cl
Figure 4.6). However, the values in the face f are required for the convection terms
in equation 4.1 and must be interpolated from the cell center values. This is
accomplished using an upwind scheme.

For steady flow, equation 4.1 becomes:

D by A 0= T, (V) A = 55 A0 (4.3)
f f

2 Py E E op : Convection Terme
Xl (VO)g . E : Diffusion Terme

Upwinding means that the values on the faces ¢_f are derived from the values in
the cell downstream or relative to the direction of normal velocity vn . FLUENT
allows you to choose between several Upwind schemes: 1st order upwind scheme,
second order upwind scheme, power scheme and Quick.

In our case, we opted for the 2nd order UPWIND scheme, which has already been
used in other studies similar to ours (for more details see chapters 5, 6 and 7), and

for the advantages that will be mentioned below compared to the other schemes:
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When second-order accuracy is desired, the quantities at the cell faces are
calculated using a multidimensional linear reconstruction approach. In this approach
superior accuracy is achieved at the cell faces by a Taylor series extension of the
solution centered on the cell around the center of the cell's surface. So when the
second-order upwind scheme is selected, the value at the center of the face ¢ is
calculated using the following expression:

Dp oy =P+VOT (4.4)

Where @ and VO is the value at the center of the cell and its gradient in the
upstream cell, and 7 is its displacement vector from the center of the considered
cell. This formulation requires to calculate the gradient V® in each cell (as we will
see later in section: Calculation of gradients and derivatives). Finally, the gradient

Vo is limited so that there is no introduction of new minima or maxima.

4.3.3.2. Temporal discretization

For transient simulations (or unsteady which is the case of our study), the governing
equations must be discretized in space and time. The spatial discretization of the
time-dependent equations is identical to the stationary case. Temporal
discretization involves the integration of each term in the differential equations over
a time step At. Integrating transitional terms is straightforward, as shown below.

A generic expression for the temporal evolution of a variable is given by:

o0 _ F(®) 4.5
ot - ( ' )
Where:
1 R S
F(®) =+ Z— prvs . Ar O +er (VO);.Af +Sp AN (4.6)
f f

To discretize, we have two schemes: the first-order and the second at second-
order schemes. If the time derivative is discretized using backward differences, the
first-order time discretization is given by:

(Dn+1 —pn
—

And the second-order temporal scheme gives:

3O — 4 @n 4+ @t
2 At

= F(®) (4.7

=F(®)  (48)
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® = the scalar quantity
n+1=valueatt+At
n = value at the current time t
n -1 = value at the precedent time step t- At
Once the time derivative has been discretized, it remains to choose how to
evaluate F(¢): in particular, at what time step should we consider ¢ to calculate F.

Time integration

The method consists in evaluating F(¢) at the future time step n+1 (see equations
in section ”“Implicit time integration” in appendix A). This implicit equation can be
solved iteratively at each time step before proceeding to the next step n+1.

The advantage of this scheme is that it is totally implicit and that it is unconditionally

stable whatever the time step.

4.3.3.3. Gradients and derivatives evaluation

Gradients are not only needed to construct scalar values on cell faces but also to
calculate secondary diffusion terms and velocity derivatives. The gradient of a
variable ¢ is used to discretize the convection and diffusion terms in the flow
conservation equations.
Gradients in FLUENT are calculated using three methods:

e Green-gauss cell-based

e Green—gauss node-based

e Least squares cell-based
Details about the methods used in our study could be found in appendix A ( see

section “Gradients and derivatives evaluation” in Appendix A).

4.3.4. Pressure-based solver

In this section, we will see the procedures related to the discretization of the
momentum and continuity equations and their solution by means of the pressure-
based solver. These procedures are described by considering the continuity and

momentum equations written in integral form:

fpﬁ.d,cfzo (4.9)

60



Chapter 4

ygpﬁa.d,i=—3§p1.d£+3€%d£+fﬁ dv (4.10)
\%4
Where | is the identity matrix, T is the stress tensor and F is the force vector.

4.3.4.1. Discretization of momentum and continuity equations

The discretization schemes seen previously in the discretization section are used to
discretize momentum and continuity equations. The whole discretization
methodology of both momentum and continuity equations are detailed in appendix
A respectively in sections “discretization of the momentum equation” and
“discretization of the continuity equation”.

Pressure interpolation schemes in momentum equation

FLUENT uses a co-located scheme. In this diagram, the pressure and the velocity
are stored at the center of the cells.

However, the discretized form of the momentum equation requires knowing the
value of the pressure on the face between cells; therefore, an interpolation scheme
is necessary to calculate the values of the pressure at the faces of the cells.

By default the interpolation scheme interpolates the pressure on the face using
the coefficients from the momentum equation. By comparing the different existing
methods, we had the choice between the PRESTO scheme and the second-order
scheme. The two scheme where used in our numerical model in the chapters 5, 6
and 7. For more details about the two schemes (.ie. PRESTO and second-order) see
the appendix A.

Interpolation scheme for density

For incompressible flows, FLUENT uses an arithmetic mean to calculate the density,

which is the case for our simulations.

4.3.4.2. Velocity-pressure coupling

The velocity-pressure coupling is obtained by using the equation (A.19) (see
appendix A) to derive an additional condition for the pressure by reformulating the
continuity equation. The pressure-based solver allows the problem to be solved
either by a segregated or coupled manner. FLUENT allows the choose between five

velocity-pressure coupling algorithms: SIMPLE, SIMPLEC, PISO, Coupled, and for
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unsteady flows using the non-iterative temporal progression scheme (NITA)
Fractional Step (FSM). All the schemes cited below, except the coupled scheme, are
based on the predictor-corrector approach.

The SIMPLE and PISO schemes were chosen for the velocity-pressure coupling,
given the advantages they presents and by referring to previous similar studies (see
chapters 5,6 and 7 for more details). Details about the two used schemes (.ie.

SIMPLE and PISO) are provided in appendix A.

4.3.4.3. Time advancement algorithm

For time-dependent flows, the discretized form for the generic transport equations

is of the form:

ag—;b dv+fpc1>7.d£=fr¢vcb.d£+js¢dv (4.11)
4 v
ap_CD Conservative form of transient derivative of transported
at variable ®
p Density
v Velocity vector (=u i + v j + w k (in 3D)
A Surface area vector
e Diffusion coefficient for @
Vo gradient of @ (® = GCD/axi + OCD/ay j+ OCD/aZ k in
3D)
So source of @ per unit volume

The temporal discretization of the transient derivative in equation 4.11 is
described in the section “temporal discretization” (equations 4.5 to 4.8). The solver
based on the pressure uses an implicit discretization of the equations of transport
(equation 4.11). By default, the standard approach allows the evaluation of the

convective, diffusive and source terms from the field at time n+1:

dp @ . .
%dv + jgp"“ Pl yntl g4 = jﬁ Mt yontl g 4 + jgsg“ v (4.12)

In the pressure-based solver, the overall temporal discretization error is
determined by the choice of temporal discretization (e.g., first-order, or second-

order) and the way in which are advanced in time (time advancement scheme). The
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process of solving the separate algorithm solves each equation alone and introduces
errors known as "divisions"

There are two approaches to time advancement, depending on how you control
the error of the Iterative Time-Advancement scheme and non-lterative Time-
Advancement scheme divisions. The first scheme is the one we have chosen in our
study, it is defined in the paragraph below.

In the pressure-based solver, the overall time discretization error is determined
both by the choice of time discretization (e.g., first order, second order) and how
solutions are advanced to the next time step (time-advancement scheme). The
temporal discretization introduces the corresponding truncation error; for the first
and second order. The segregated solving process by which equations are solved
one by one introduces splitting error. There are two approaches to the time-
advancement scheme depending on how you want to control the splitting errors.

Iterative Time-Advancement scheme

—>[ t=t-+nAt ]

pd

~

\ 4
Solve momentum equation

- )

Solve pressure correction
l( Outer
- Iterations
Correct Velocity
Pressure Flux

- J

\
Solve scalars (T,K,g,etc.)

No

Converaed?

Yes vV
[ Next time step ]

Figure. 4.7: Overview of the Iterative Time Advancement Solution Method For the

Segregate Solver (reedited from [111]).
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In the iterative scheme, all equations are solved iteratively for a given time step until
reaching the convergence criterion. So advancing the solution for a one-time step
normally requires a number of external iterations as shown in the figures (flowchart
of pressure-based solver see figure 4.5 and the figure 4.7). With this iterative
scheme, the non-linearity of the equations and the coupling between the equations
are fully taken into account, thus eliminating the “splitting” error. The iterative

scheme is the default in FLUENT.
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Chapter 5

Flow Behaviour and Wall Shear Stress Derivatives
in Abdominal Aortic Aneurysm Models: a Detailed
CFD Analysis into Asymmetry Effect.
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5.1. INTRODUCTION

Abdominal aortic aneurysm (AAA) is characterized by a deformation and a localized
dilatation of the abdominal aorta (usually infrarenal) to at least one and a half times
the diameter of the healthy aorta. AAA is one of the most common cardiovascular
diseases, with a prevalence of 6-8 % for people over 65 years old, reaching up to 10%
for 80 years old male subjects [81]. The average prevalence of AAA was 5.7% in the
literature until February 2013 [115]. A complication of AAA is a sudden rupture, and
this accounts for up to 4 to 5% of all sudden deaths according to Schermerhorn et al.,
[116], and is ranked as the 14th most common cause of death in the world [117].

AAA is also characterized by a high mortality rate during and after surgery [118]
which prompted some authors to suggest that subgroups of patients might be
excluded from surgery [119]. In the US, the incidences of AAAs reach up to
55,000/year and the incidence of AAA rupture is 10,000 [120]. Sakalihasan and
colleagues [121] reported that the number of deaths caused by ruptured aneurysms
is about 8,000 and 15,000 patients in the UK and in the USA respectively.

Assessing the risk of rupture is extremely important in reducing AAA mortality.
Currently, the most commonly used criterion to select eligible patients for surgery
relies on the measurement of the AAA maximum diameter [3,122]. Surgery is
recommended when the maximum diameter reaches 5.5 cm [123,124]; however
many surgeons have observed that some AAAs became greater (11 or 12 cm) and
remained unruptured, whilst others were smaller (<5.5cm) could break abruptly
[124]. This evidence suggests there is a need to better stratify the risk for AAA
rupture by determining additional criteria to help surgeons make clinical decisions
regarding surgical intervention and management of patients with AAA.

Several researchers have studied the effect of aneurysm geometry and the
mechanical behaviour of the wall on hemodynamic forces [11,125,126].The fact that
AAA is often associated with deposition of blood clots and cell debris in the
intraluminal thrombus (ILT), as well as the breakdown of connective tissue in the
wall, which plays an important role in rupture and remodelling of the wall, makes the
fluid dynamics in AAA, including the evolution of velocity and wall shear stress, a

very promising index to improve prediction of AAA rupture.
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Several numerical studies show that, compared to reconstructed geometries from
medical imaging, virtual aneurysm models are more useful for parametrical studies
[5,4]. The use of idealized geometry was adopted in many studies concerning AAA
[4,5,9,11,127,128] and other cardiovascular diseases [129,130]. The models do not
preserve the physiologically correct geometry, but they still retain important physical
processes that occur in an AAA [131].

Some numerical studies have been done on the hemodynamic characteristics of
symmetric and asymmetric idealized models [132], and experimental modelling
studies have been carried out by Salsac et al., [4]. The study by Finol et al., [133] was
devoted to the understanding of the relation between the aneurysm asymmetry and
the WSS distribution. In Soudah et al., [132] many geometric parameters including
the asymmetry were tested.

In this work, the relationship between hemodynamic and WSS during the cardiac
cycle for different symmetric and asymmetric geometries of aneurysm was studied.
To the best of our knowledge, this is the first study to provide a detailed analysis in
idealized symmetric and asymmetric aneurysms, including flow behaviour, WSS,
vorticity, oscillatory shear index (OSI), and time averaged wall shear stress (TAWSS),
which are very important factors for the understanding of thrombus formation and

rupture risk evaluation.

5.2. METHODOLOGY

The flowchart used was shown in Chapter 4 (see Chapter 4 Figure 4.2). All the steps

will be details in the following sections.

5.2.1. Geometries

The adopted geometries have a diameter of d = 2cm in inlet and outlet, and a
maximum diameter of D = DAAAmax = 3d in the median section of the AAA sac

(see Figure 5.1). The asymmetry ratio (3 is:

B= (4.1)
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where r is the radius measured at the medial section of an AAA sac from the
longitudinal part toward the posterior part and R is the radius measured at the
medial section of an AAA sac from the longitudinal part toward the anterior part. f=1
corresponds to a symmetric AAA.

The aneurysm lumen geometry is given by:

_fd(cos(=(z—6d) +2 3d<z<9d
‘p(z)‘{( G d ) locr<sdandodcr<iza 622

JOEH G [CIORE (5.2)b
Where @(z) define the diameter of the aneurysm sections along the aorta (axis z)

and 8(z) define its deviation from the center (Figure 5.1).

B ={0.2,0.4,0.6,0.8,1} Has been considered, corresponding to five different

geometries of AAA as proposed by Scotti et al., [6].
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Figure. 5.1. Geometry of the AAA models (asymmetric model with asymmetry ratio [3=0.4is

Model is illustrated) (a) Cross section (b) Vertical section.

5.2.2. CFD simulation

Mesh sensitivity studies were performed with the aim of defining the optimum
computational domain for each AAA models. The software Gambit 2.4.6 (Ansys Inc.)

was used for the mesh generation. For the symmetric model (SM), the mesh was
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changed from 886950 elements (1068637 nodes) to 1503607 elements (1777500
nodes), and from 888973 elements (1070657nodes) to 1475241 elements (1744138
nodes) for the AM. The resolution of the boundary layer, as shown in Figure 5.2-b,
was adapted near the wall and the cell adjacent to the wall satisfied Eq. (5.3); this
ensures accurate estimations of velocity gradients, and wall shear stresses near the
wall. The optimum mesh size was determined once the peak wall shear stress does
not increase by more than 2%. Based on this analysis, the final hexahedral meshes’
grids were constructed (# =0.2 (AM): 1,241,376 elements; # [3=0.4: 1,204,320;
#3=0.6:1,176,528; # 3=0.8: 1,162,632; # =1 (SM): 1,148,736).

Yp /Z%‘; <1 (5.3)

where y, is the distance between the wall and center of the adjacent mesh cell,
V4 is the free-stream velocity, v is the kinematic viscosity of the fluid and x is the
distance along the wall from the starting point of the boundary layer.

The workstation used to perform the simulations in this work is with two Xeon E5-
2660 processors and 16 GB of RAM. The run time was 69 hours and 33 minutes for
each cardiac cycle in the case of the SM, and approximately 81 hours and 9 minutes
for the AM. Five cardiac cycles were simulated to minimize the influence of initial
conditions, and the last cycle was considered in our results.

A no-slip boundary condition was imposed at the wall supposing that it is rigid. In
fact, the wall of the AAAs become stiffer following the loss of elastin [14] and their
compliance is nearly negligible compared to a healthy aorta [15]. This hypothesis was
adopted in many studies concerning aorta and AAA [128,129;62-138].

At the geometry inlet, a pulsatile velocity is applied (Figure 5.2-a) which is justified
by the fact that this condition is applied to the unexpanded section of the anterior
portion of the abdominal aorta [133] and a free pressure boundary condition was
imposed at the geometry outlet. These hemodynamic conditions were referred to in
previous studies [94]. The temporal variations of these physiological velocity inlet
conditions were reproduced by Fourier series of order 16th for velocity and

implemented through a User_Defined_Function (UDF) script (see appendix B1).

69



Chapter 5

Inlet . -

~
o

Velocity (cm/s)
o wn

v

vp”\/w

-SC 01 02 03 04 05 06 07 08 09 1

o

Time (s)

a) b)

Figure. 5.2. Boundary conditions (a) Velocity waveform and (b) Boundary layer mesh (SM 8

=1isillustrated).

In order to avoid numerical instabilities, the inlet and outlet boundaries were
extended by three times the diameter of the healthy part of the aorta (Figure 5.1).
The natural frequency of the pulsatile flow is set to w = 2m rad/s, with a period T =

1s.

5.2.3. Governing Equations

Even if blood is a suspension of cells in plasma [94], in large-sized vessels, the non-
Newtonian behaviour of blood is limited [104], and it begins to play a role in vessels
smaller than 1 mm in diameter [97]. Pedley et al., [105] shows that in vessels greater
than approximately 0.5 mm in diameter it is reasonable to model blood as a
Newtonian fluid.

This assumption was adopted in most of the previous works, where blood is
considered as an incompressible and Newtonian fluid, with a homogeneous dynamic
viscosity of 0.0035 Pa.s, and density of 1050 kg/m3 [62, 107]. The flow in the
abdominal aorta is hence described by the incompressible Navier-Stokes and

continuity equations (see chapter 3 equations 3.15 and 3.16).
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In this study the Finite Volume Method (FVM) was adopted to solve the governing
equations and to predict the time-dependent flow through three-dimensional
abdominal aortic aneurysm geometry by using Fluent (Ansys, Inc.) with the implicit
solver. A second-order upwind scheme was used for spatial discretization and the
PISO (implicit operator splitting pressure) algorithm for pressure-velocity coupling.
The time-step size was taken equal to 10~3s, which is equivalent to 1000 time-steps
for each cardiac cycle using the iterative time advancement scheme. The
convergence criteria for the continuity and the velocity are in the order

of 107% and 1073, respectively.

5.2.4. CFD Validation

To validate our numerical model, we performed a comparison of the axial velocity
profile at the center of the aneurysm with the experimental and numerical data of
Budwig et al., [139] for steady flow through the axisymmetric AAA model (as shown
in Figure 5.3b and Figure 5. 3c). The simulations are carried out at Re = 400,
aneurysm-to-artery diameter ratio D/d=2.1, and an aspect ratio of the aneurysm
L/d=4 (L is the length of the aneurysm). The results generated in the present
numerical simulation show good agreement with the experimental and numerical
results [139]. The flow feature characterized by the formation recirculating vortex
was in agreement with in vitro studies [139] (as shown in Figure 5.3-b). The shape of
the aneurysm was not detailed in [139]. The slight difference in our velocity profile
(in which the dome of the profile is slightly larger) compared [139] could be due to
the possible difference in the shape of our aneurysm, experimental and numerical

results.
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Figure 5.3. Model with Re=500, R0 = 2.1 and L¥0 = 8. (a) Comparison of steady profile
across the centre of the AAA with experimental and numerical results, (b) Streamlines using

present numerical model and (c) Profile across the centre of the AAA.

5.3. RESULTS

5.3.1. Flow Behavior in an AAA

Figure 5.4-a shows the general features characteristics of the flow with reference
to the symmetric aneurysm (B= 1). At the inlet of the aneurysm (distal neck), a jet is
formed and enters into the aneurysmal sac; this result is in perfect agreement with
the experimental results of Deplano et al., [140]. The velocity gradient between the
jet flow and the surrounding parts produces shear layers; generating vortices
detected in the horizontal and vertical vorticity contours and in velocity vectors (see

Figures 5.4 and 5.5).
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Figure. 5.4. Vorticity temporal evolution [s-1] for (a) Symmetric Model (SM) and (b) Asymmetric

Model (AM), in vertical and horizontal planes respectively.
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i

Figure. 5.5. Velocity vectors temporal evolution [cm/s] for (a) Symmetric Model (SM) and (b)

Asymmetric Model (AM), in vertical and horizontal planes respectively.
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The general characteristics of the flow in our results, the vortex formation, the
impingement of the jet and regions of high and low WSS, are in good agreement

with those in prior experimental studies [131, 140].

5.3.2. Flow Dynamics and vortical structure discussion

The effect of the asymmetry on the flow patterns and vortical structures is shown in
Figure 5.6 where the time evolution of 3D vortical structures by the iso-surfaces of
A2-Criterion Jeong and Hussain [141] is reported.

According to the results presented in the previous section, the aneurysm
asymmetry is directly proportional to the earlier separation of the flow, and the
vortex occurring in asymmetric aneurysms persist for a longer period compared to
those occurring in symmetric aneurysms; in particular, these vortices persist
throughout the cardiac cycle for the completely AM. This persistence is due to the
separation of the fluid caused by the abrupt change of the section creating areas
with large velocity gradients, the velocity gradient produces a stronger vortex. For
the AM, the vortices which are produced during the deceleration phase are still
present at the diastolic peak and roll-up from the proximal neck (enlargement)

impinging on the distal neck (narrowing) (see Figure 5.6).

Blood
flow

WSS[Pa] -

Figure. 5.6. Temporal iso-surfaces of A2-Criterion with threshold value of -10 [s?] with wall
colored by WSS [Pa] at t=0.3, 0.4, 0.51 and 0.69 respectively from left to right. [SM: upper

line and AM: Lower line].
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In the SM, the vortex ring (VR) starts from the proximal neck during the
acceleration phase and is transported along the bulb of the aneurysm to the distal
neck. The shape of the VR is conserved and does not change until the end of the
cycle. A different behaviour is observed in the Figure 5.5-b, which represents the
temporal evolution of the vortex structure in the case of an AM. In the asymmetric
aneurysm, the vortex core spreads across the bulb and impacts the distal/anterior
wall forming fluctuation zones.

As shown in Figure 5.7, in the case of AM with symmetry factor equal to 0.6, the
VR starts to form at t=0.3s (systolic peak) in the proximal neck, and its shape
becomes complete at t=0.45s. Considering this time frame as the starting instant of
the VR, Figure 5.7 demonstrates its persistence until the same time frame of the next
cardiac cycle; however, its shape is lost at t=0.3s and the ring opens close to the
posterior wall. This evidence confirms that the shape and the persistence of the VR

are in an inverse relationship with the asymmetry of the aneurysm.

Figure. 5.7. Temporal iso-surfaces of swirling strength using a threshold value of 10 [s™] for

the model B =0.6.

5.3.3. Wall Shear Stress Analysis

In addition to the endothelial layers’ thrombogenic function, they are also the
mechano-detecting elements which detect the local blood flow conditions and

induce autocrine stimulation. In vivo and in vitro studies demonstrate the
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destructive effect of low and oscillatory WSS on the endothelial function [97] and
their effect on intimal thickening [142]. Under physiologic shear stress, the
endothelial cells are aligned to the flow direction, which differs from the low shear
stress case [97, 64]. Regions of low WSS are also associated with rupture and
expansion sites of the AAAs [65, 143]. The high level of WSS leads to athero-
protective endothelial phenotype and decreases the expression of the
vasoconstrictor [97].

Many hemodynamic wall parameters including WSS and OSI [112], and TAWSS
were documented. An in-house MATLAB code (The Mathworks Inc.) was used for the
post-processing and the calculation of those parameters [114].

In detail, WSS, TAWSS and OSI are defined in chapter3 (see equations 3.22 &
3.23).
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Figure. 5.8. WSS contours [Pa] in vertical and horizontal plane respectively in (a) SM and (b)

AM: at t=0.3s systolic peak, at t=0.4s and at diastolic peak t=0.69s.

Figures 5.8 and 5.9 show the contours of WSS in the SM and AM across three
instances of the cardiac cycle. By analysing these figures, it can be observed that
during systolic acceleration, WSSs are greater in the healthy part of the aorta (the

unexpanded part) than in the wall of the aneurysm sac, which remains in this
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condition until it reaches WSS-max at the systolic peak t=0.3s; this observation is
valid both for symmetric and asymmetric aneurysm models. The distal and proximal
necks are subjected to very high WSS, in contrast to the sac of the aneurysm where
low WSS occur. During the deceleration phase, the WSS-max values are still in the
two necks, and this configuration persists for the remaining period of the cardiac
cycle (see Figures 5.8-a and 5.8-b at t=0.69s).

Figures 5.9-a to 9f show the time evolution of WSS in the five aneurysm models.
By analysing this figure, it can be observed that the WSS curvature in the proximal
neck is almost the same in the anterior wall represented by P1 (Figure 5.9-a), and in
the posterior wall, represented by P1' (Figure 5.9-b). In the aneurysm sac, the
anterior wall (Figure 5.9-c) is subjected to WSSs that are lower than those
experienced by the posterior wall (Figure 5.9-d); also, in this case, the WSS-max
becomes lower on the anterior wall when the level of asymmetry increases. By
contrast, in the distal neck, the WSSs are highest in the anterior wall (Figure 5.9-e)

than in the posterior one (Figure 5.9-f).

Time [s] Time [s]

(a) In proximal neck / anterior wall (P1) (b) in proximal neck / posterior wall (P1")

Time [s] Time [s]

(c) In sac / anterior wall point (P2) (d) in sac / posterior wall (P2’)
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Figure. 5.9. WSS temporal evolution [Pa] in the models ( +p=1 = p=0.8 +p=0.6 —p=0.4
-+B=0.2.).

5.3.4. Analysis of TAWSS and OSI

Figures 5.10 and 5.11 respectively show the InvTAWSS and OSI for the SM and the
AM (InvTAWSS the inverse of the TAWSS is displayed for visualization purpose to

better detect regions of low TAWSS). The posterior, anterior, left and right views are

( (b)
Figure. 5.10. InvTAWSS contours [Pa-1] in SM (left column) AM (left column) (Views: P:

shown.

N
w

invTAWSS [TAWSS 1]

-o- (|

o o

posterior, A: anterior, L: left, R: right).

The OSI contours (see figure 5.11) in the AAA models predict similar behaviour
featured by high values in the aneurysm sac. High OSI values are encountered at the
wall part near to the recirculation zones. Although these values reach the maximum

(OSI=0.5) in some regions the case of AM in the anterior part of the wall, this region
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is subjected to the vortices which were seen earlier (see section Flow Dynamics and
vortical structure discussion). An OSI close to 0.5 indicates a region with completely
oscillating WSS. In the SM the entire sac is subjected to oscillating WSS (High OSI
values), this could be related to the vortex ring detected in this model. The TAWSS in
this model is higher than the AM (InvTAWSS reaches highest values in the
asymmetric model AM compared to the symmetric model SM as shown in figure
5.10).

Regions where large OSI and small TAWSS (High InvTAWSS) are concomitant,
indicating an elevated thrombogenic susceptibility. Da Silva et al., [144] report that

ruptures occurred in the region of intraluminal thrombus (ILT) in 80% of AAA.
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Figure. 5.11. OSI contours [-] in SM (left column) AM (left column) (Views: P: posterior, A:

anterior, L: left, R: right).

The notion of minimum values of the WSS has significant effect on the rupture of
abdominal aortic aneurysm Boyd et al., [65]. The low values of WSSs are observed in
the aneurysm sac where recirculation zones have appeared. The asymmetry of the
aneurysm has a clear effect on the flow behaviour, the recirculation zones formation
and consequently on WSS and its derivatives distribution. Previous studies were
devoted to the understanding of the relationship between vortical structure and ILT
accumulation [145] and WSS derivatives showing the importance of CFD as possible

tool to help clinicians.
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5.4. CONCLUSIONS

In this study, a detailed parametric analysis of flow dynamics using five virtual AAA
models was performed numerically; the spatial distribution and the temporal
evolution of wall shear stresses were also studied. In addition, hemodynamic
parameters such as OSI and TAWSS were analyzed to define the effect of AAA
asymmetry on a possible risk of rupture and on the promotion of thrombus
formation.

The general characteristics of flow in AAA can be summarized by the formation of
a jet that enters the aneurysm, which velocity gradient with respect to the
surrounding stationary flow area generates shear layers that evolve creating
vortices. Importantly, the development of these vortices is highly influenced by the
symmetry of the aneurysm: in the case of an asymmetrical aneurysm, the vortex
persists longer than in a symmetrical one. These changes, compared to the flow
characteristics in a healthy artery, result in significant changes in the spatial and
temporal distribution of wall shear stresses that act on the endothelial cells.

The presented results show that the aneurysm is also subjected to low and
oscillating wall shear stresses, with an OSI close to 0.5 in the case of an SM in the
entire aneurysm sac. Such conditions favor intraluminal thrombus (ILT) formation
and endothelial dysfunction. The results of this detailed CFD study confirm that the
asymmetry of the abdominal aortic aneurysm potentially increases its likelihood of
rupture and the ILT formation. Although the studied symmetric and asymmetric AAA
models have an equal maximum diameter, the asymmetry of AAA has a clear impact
on the flow behaviour and WSS derivatives values which could favor their
susceptibility to rupture and the formation of ILT.

Despite the limitations of our study, our results provide an interesting data for the
understanding of the hemodynamic properties in AAAs, and how CFD study could be
useful for clinicians in the prediction of the likelihood of AAA rupture. This study
needs to be enlarged to a cohort of patients with ruptured and unruptured AAAs in
order to validate its impact on the improvement of risk stratifications due to flow-

derived biomechanical bio-markers.
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Chapter 6

Intraluminal Thrombus Characteristics in Abdominal
Aortic Aneurysm Patients: non-invasive diagnosis
using CFD
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6.1. INTRODUCTION

Abdominal aortic aneurysm (AAA) is characterized by a deformation and a localized
dilatation of the abdominal aorta (usually infrarenal) with 1.5 times the diameter of
the healthy aorta [78,79]. AAA is one of the most common cardiovascular diseases,
with a prevalence of 1.7-5 % for people over 65 years of age [80], reaching up to 10%
for 80 years old male subjects [81]. AAA can undergo sudden rupture, frequently fatal,
making AAA rupture one of the most common causes of death in the United States
[146]. It accounts for up to 4-5% of all sudden deaths [116] and it is the 14th most
common cause of death in the world [117]. The total number of worldwide deaths
reached 172,000 in 2019 including both thoracic and abdominal aneurysms [2].

Assessing the risk of rupture is extremely important in reducing AAA mortality.
Currently, the most commonly used criterion to select eligible patients for surgery
relies on the measurement of the AAA maximum diameter [3-112]. The recent
guidelines continue to recommend a threshold diameter of 6.5 cm for AAA as unique
criterion to decide whether the resort to surgery is required, for more prudence some
clinicians suggested to consider 6.0 cm for women as threshold [80,147]. Thus there is
a need to better stratify the risk of AAA rupture by determining additional criteria to
help surgeons make a decision regarding the surgical procedure and management of
patients with AAA. Several efforts have been devoted for estimating rupture risk.
Recently Forneris et al. [71] suggested a new parameter combining time-averaged wall
shear stress (TAWSS), intraluminal thrombus (ILT) and wall stress to determine regions
of possible rupture.

Despite the controversial role of ILT in AAA rupture, its detection and the prediction
of its growth are crucial for clinicians in the treatment and the management of AAA
patients. The fact that AAA is often associated with deposition of blood clots and cell
debris in the ILT, as well as the breakdown of connective tissue in the wall, it plays an
important role in the rupture and the remodeling of the wall. This makes the fluid
dynamics in AAA, including the evolution of velocity and wall shear stress (WSS)
hemodynamic parameters a very promising index for ILT accumulation predictions and
consequently the management of patients with AAAs. Several studies have focused on
investigating the relationship between WSS-based parameters and ILT deposition and

growth.
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Computational fluid dynamics (CFD) are a powerful, non-invasive tool to reproduce
flow features in the cardiovascular diseases including AAAs. Using CFD, the behavior of
blood flow can be modeled without requiring invasively obtained experimental or field
data. Flow features including WSS and its derivatives can be obtained within the CFD
model.

To understand the mechanism of ILT accumulation in AAAs, numerical and
computational simulations were carried out over the last decade [30,32,37,67-70,148].
Chen et al. [30] found a positive relation between the particle residence time and the
platelet activation for ILT. Lozowy et al. [32] studied the effect of jet impingement on
ILT deposition in AAA patients, in this work it was concluded that the jet impingement
regions may prevent ILT deposition. Chandra et al. [37] observed the absence of ILT in
high WSS areas. Zambrano et al. [67] investigated the association of vortical
structures, WSS-based hemodynamic parameters and ILT in AAAs. Colciago et al. [68]
in their study of patients presenting with thin ILT, showed that simulation-based
indicators could support clinicians in the assessment of patients with AAA. Zambrano
et al. [69] also conducted a follow-up study on a cohort of patients in order to
investigate the relationship between TAWSS, ILT growth and aneurysm expansion. Qui
et al. [70] assessed, via computational fluid dynamics simulation, the near-wall
hemodynamic parameters in ruptured AAA patients.

None of the above literature has proposed a comprehensive analysis to understand
the near wall flow nature in AAA and its relation with ILT deposition by considering
hemodynamics indicators including transversal WSS (TransWSS), relative residence
time (RRT) and the endothelial cell activation potential (ECAP) in addition to TAWSS
and OSI. Further, none of the numerical studies so far have investigated the difference
between thin and thick ILT areas for AAA patients and their relationship with the cited
WSS-based parameters for the purpose of understanding the ILT deposition process
and the prediction of ILT growth, . This part of the study has two-fold purpose: (i)
investigate the co-localization and the relationship between the velocity flow
spatiotemporal distribution and five WSS-based hemodynamic parameters obtained
noninvasively by CFD simulations (ii) determine ILT deposition from CT scan images in
order to differentiation between thick and thin areas of ILT deposition in terms of

hemodynamic characteristics and to develop a criterion to help clinicians in the
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prediction ILT deposition for assessment and management of AAA patients . Finally the
relationship between flow the nature near the wall and ILT deposition areas is

investigated by exploring TransWSS in addition to TAWSS and OSI.

6.2. MATERIALS AND METHODS
6.2.1. Workflow

The patient-specific model geometries of three male patients with a mean age of 68
years diagnosed with AAA were reconstructed from Computed Tomography (CT) scans
acquired between the 3rd and 17™ of February, 2021 under ethical approval
statement (see Appendix C). These patients are labeled as Patient 1; Patient 2; and
Patient 3 (Table 6.1). These steps are schematized in a detailed flowchart (see chapter

4 figure 4.3).
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Figure. 6.1: Schematic representation of the adopted workflow showing the followed steps

from CT images segmentation to post-processing of CFD based data.

Figure 6.1 shows a schematic diagram of the process adopted in this part of the study.

The geometries were trimmed and prepared to be used in the CFD simulations and
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finally data post processing was performed to extract the hemodynamic parameters

and wall shear stress derivatives from CFD results.

6.2.2. Data acquisition & patient specific geometries reconstruction

CT scans of the patients were provided by a medical imaging center, with a slice
thickness of 2 mm for Patients 1 and 2, and of 1 mm for Patient 3. To extract the

arteries’ lumen, SimVascular open-source software was used [148].

!

c) )\ .-o/g d) i\ -’ €N

Figure. 6.2: a) Example of CT scan slices in axial, sagittal, coronal and 3D rendered views;
lumen and ILT regions are shown in axial views and b) Rendered left sagittal image and
segmented artery with ILT of AAA for Patient 1. c) Extracted computational domains of three
AAA patient-specific lumens used to perform numerical simulations (grey) and ILT regions
(purple) d) calculated ILT thickness patched to the lumen surface where blue corresponds to

low values (thin) and red to high values (thick).

The arterial wall was smoothed to reduce roughness by using the shape-preserving
smoothing filter and then clipped at the two iliac arteries to create the outlets’
surfaces using Autodesk Meshmixer software (www.meshmixer.com). The descending
aortas were clipped distally including entrance lengths which were calculated using an

expression by Wood et al 1999 [149]. The two outlets were extruded by five times the
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iliac arteries’ diameters. Similarly to the aortic lumen, the segmentation of the ILT was
performed using SimVascular (Figure 6.2(c)).

In order to estimate the ILT thickness, the coordinates of the outer ILT surface and
the surface of aortic lumen of the three aneurysm models’ were exported to a
purposely developed in-house MATLAB script (Figure 6.2(d)) to calculate the distance
between the two surfaces. In vivo studies of AAA have estimated the wall thickness to
vary between 1 mm and 4.26 mm [150, 151]. In our work it is assumed to be constant
with 2mm thickness. To obtain the final ILT thickness, a mask of 2 mm was applied to
subtract the wall thickness from the initially estimated ILT thickness. For visualization
purpose and to compare against WSS-based parameters, the final ILT thickness values
were patched to the aortic lumen surface (Figure 6.2d). The final obtained geometries
are displayed in Figures 6.2c and 2d and more details about the three AAAs are
provided in Table 6.1.

Table 6.1: Threes AAA patients geometrical features and details.

Patient Age Gender Maximum Inlet Right lliac Left lliac Length Max ILT ILT
(yrs) lumen AAA AAA diameter diameter of AAA thickness thickness &
diameter  diameter (mm) (mm) (mm) (mm) distributio
(mm) (mm) n
Patient 70 male 56.7 25.2 15.9 17.2 1181 19.9 -thick-thin
1 -partially in
AAA sac
Patient 76 male 45.2 23.6 16.5 14.9 146.5 18.5 -thick-thin
2 -entire  in
AAA sac
Patient 60 male 32.4 19.6 134 12.9 86.3 1.6 -thin
3 -small part
of AAA sac

6.2.3. Patient specific CFD simulation

The patients’ geometries, previously segmented in SimVascular from the CT images,
were imported and discretized into a volumetric mesh of tetrahedral elements using
ANSYS Icem CFD (ANSYS, Inc., Canonsburg, USA). Mesh sensitivity studies were
performed with the aim of defining the optimum computational domain for each AAA
model (see mesh sensitivity analysis section). The final meshes’ details are described
in Table 6.2. Near the wall, an exponential growth ratio was adopted with a minimum
element size of 0.2 mm and a total thickness of approximately 2.6 mm. Three cardiac

cycles were simulated to minimize the influence of initial conditions, and the last cycle
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was considered in our results. The aortic wall was assumed to be rigid with no-slip
condition [152-154]. A small change in wall deformation was found in elderly AAA
patients [155]. The adopted numerical model was validated and compared with

experimental results (See validation section).

Table 6.2: Mesh details used in the numerical calculation of the AAA patients.

Patient Number of cells Number of nodes
(Millions) (Millions)

Patient 1 3.789 0.948

Patient 2 3.877 0.985

Patient 3 3.885 1.024

Infrarenal Volumetric Flow

Flow [ml/s]

" Tin;e [s]u

b)

0 10 (cm)

Figure. 6.3: Overall dimensions 3D model (Patient 1 is illustrated) of abdominal aortic
aneurysm (AAA) (a) being subjected to inflow pulsatile velocity waveform (b) as inlet boundary
condition used in the numerical model (the waveform displayed corresponds to flow rate

instead of velocity). Boundary layer mesh at the inlet face is displayed (c).

Using a phase-contrast MRI (PC-MRI) data the flow waveforms at infrarenal artery
were extracted by Les et al. and interpolated from a cohort of 36 AAA patients and
then an averaged volumetric flow was deduced [156]. The PC-MRI based volumetric
flow is converted to a corresponding velocity inlet waveform for each patient (an
example is shown for Patient 1 in Figure 6.3). A zero reference pressure was imposed

at the outlet boundaries [32,157-159]. The temporal variations of the physiological
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velocity inlet condition were reproduced by Fourier series and implemented through a

“user_defined_function” (UDF) script.

6.2.4. Mesh sensitivity analysis

To define the optimum computational domain for each AAA model, a mesh sensitivity
study was performed by running unsteady flow simulations in ANSYS Fluent using
three different meshes (coarse, medium, and fine) for each patient, as shown in Table
6.3. ANSYS Icem CFD (ANSYS, Inc., Canonsburg, US) was used for the mesh generation.
The numerical model and boundary conditions detailed in the methodology section
were used. The results at systolic peak were compared between the three meshes. A
similar velocity pattern and Wall Shear Stress (WSS) distribution were captured by all
three meshes for the three patients, as shown in Figure 6.4. The WSS contours for
Patient 1 (one patient is shown here as illustration) presented comparable distribution
and the highest computed WSS occurred at similar locations, but different maximum

values of (WSS_max) were found with the different grids (see Table 6.3).

Coarse Medium Fine

WSS*

Figure. 6.4: Example of qualitative results showing Wall shear stress contours in the threes
meshes for Patient 1(posterior view is displayed to show the peak values). WSS* is normalized

with respect to WSS computed on the fine grid.
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Table 6.3: Grid Convergence Index (GCI) and Grid parameters for the 3 AAA patients with

corresponding WSS_max values.

Grid Number of cells WSS_max GCl (%)
(Millions) (Pa)

Patient1 gl Fine 6.379 4.856 GCl1-2=0.102
g2 Medium 3.799 4.872 GCI2-3=0.327
g3 Coarse 2.306 4.822

Patient2 gl Fine 6.351 25.559 GClI1-2=1.448
g2 Medium 3.877 25.132 GCI2-3=0.651
g3 Coarse 2.364 25.320

Patient3 gl Fine 6.763 18.167 GCl1-2=0.035
g2 Medium 3.885 17.630 GCI2-3=0.209
g3 Coarse 2.236 17.891

Additionally a comparison of velocity profile in the three grids with at least two
lines inside the aneurysm for each patient was performed. A similar profile with error
<1% was found for the three patients. Figure 6.5 shows an example of the velocity

profile across one line in the center the aneurysm sac of Patient 1.
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Figure 6.5: Velocity profile across a line in the center of the aneurysm in Patientl at systolic
peak. Curves are CFD results for threes grids (Coarse, Medium and Fine). Velocity values are

normalized with respect to V-max in this line.

Furthermore the mesh sensitivity analysis was endorsed by the calculation of the
Grid Convergence Index GCI (equations 6.1-6.2) and the maximum WSS (WSS_max)

was used as a parameter of interest. The GCl measures the percentage of difference
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between the computed parameter (WSS _max) for two consecutive grids and
estimates how far it is from the asymptotic value. This index is considered as the most
reliable technique for the quantification of numerical uncertainty [161]. The mesh
sensitivity analysis revealed that the solution became relatively independent to further
mesh grid refinement. The medium meshes were used for each patient corresponding
to medium-to-fine GCI of approximately 0.327%, 0.651% and 0.209% for Patient 1,
Patient 2 and Patient 3 respectively (see Table 6.3), which is in agreement with recent

studies where the grid is adopted if GCI was inferior to 5% [162].

GClgy o = Fs . |Egrgo| (6.1)
GClgy gz = Fs . |Egpgs] (6.2)
log( gf 1g )
Egl,gz = rp_gl (6.3)
fo3—f,
log(£ )
Egogs = rp_gl (6.4)
1/3 1/3
r =~ (k) ~ (k> (6.5)
Ng2 Ng3
(fg3—fg2>
fg2—fg1
p= logT (6.6)

F; is the factor of safety which is equal to 1.25 [160], fgi corresponds to the variable

of interest (in our case WSS_max) and Ngi is the number of cells in the grid.

6.2.5. Validation

To validate the numerical model we performed a comparison of the axial velocity
profile at the center of the aneurysm with the experimental and numerical data of
Budwig et al. [139] for steady flow through axisymmetric AAA model. The simulations
are carried out at Re = 2000 and Re=400, aneurysm-to-artery diameter ratio D/d=2.1,
and an aspect ratio of the aneurysm L/d=4 (L is the length of the aneurysm). The flow
feature is characterized by a jet formation surrounded by recirculating vortex and an
agreement was found between the present results and the description given by
Budwig et al. [139]. The velocity profiles across the aneurysm are in good agreement
with the experimental and numerical results of Budwig et al. [139] (see figure 6.6a and
6.6b respectively), but the shape of the aneurysm was not detailed in this reference.

The possible difference of the shape of the aneurysm may be the cause of the slight
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difference in the velocity profile compared to the provided experimental and

numerical results.

V/Vmax

-01

VIVmax

b)

Vel?city ProfilelRe=2000

081

071

06

05

041

03r

02F

0.1F

* Budwig et al (Experimental)

Budwig et al (Numerical)
Present study

0.8

0.7r

0.6

0.5

0.4

0.3

0.2

011

0+

gy

09- *

0.2 0.4 0.6

Ve[ocity Profilq Re=400

F

Budwig et al (Experimental)
Budwig et al (Numerical)
Present study

-0.1
0

02 0.4 0.6

Figure. 6.6. Comparison of steady profile across the center of the AAA (D/d = 2.1, L/d = 8) with

the experimental and numerical results derived and reproduced from Budwig et al [139] a) Re

= 2000, b) Re = 400.

6.2.6. Governing Equations

This work modeled the blood as non-Newtonian fluid. The Carreau-Yasuda (C-Y) model

was used to capture blood's shear-rate behavior [106]. The C-Y model was

implemented using the UDF script for blood viscosity and was expressed by the

equation 3.21 seen in chapter 3.
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The flow in the abdominal aorta is hence described by the incompressible Navier-
Stokes and continuity equations for non-newtonian fluid (see equations 3.15-3.21 in
chapter 3 for more details) under the assumption of laminar incompressible flow

(density p = 1050 kg/m?3).

In this study the finite volume method (FVM) was adopted to solve the governing
equations and to predict the time-dependent flow through three-dimensional AAA
geometries by using Ansys Fluent (ANSYS, Inc., Canonsburg, US) with the implicit
solver. A second-order upwind scheme was used for spatial discretization and the
SIMPLE algorithm (Semi-Implicit Method for Pressure Linked Equations) for pressure-
velocity coupling. Each pulse cycle was divided into 1200 time-steps of 83.333x102 ms.
The convergence criteria for the solutions were considered when the residuals for the

continuity and the velocity achieved 1x107.

6.3. RESULTS
6.3.1. Velocity Field and ILT deposition

At the peak systole (t/T=0.201), the flow is attached to the wall in the three cases.
During the deceleration phase, a recirculation zone is captured in the posterior wall
near the neck of the AAAs (proximal region of the posterior wall) for Patient 1 and
Patient 3 starting from t/T=0.25, and at t/T =0.33 for Patient 2. The recirculating zone
develops taking the aneurysm sac and persists throughout the diastole phase.

In addition to the mid-sagittal CT image, Figure 6.7 shows also the time-averaged
velocity contours in the corresponding section for all the three Patients 1, 2 and 3
respectively in Figures 6.7-a, 6.7-b and 6.7-c. The ILT deposition zones are delimited by
red dashed lines in CT images and as a 3D representation with the AAA computational
domain. ILT covers the entire AAA sac in Patients 1 and 2 except the anterior proximal
area for Patient 1, whereas in Patient 3, smaller separated areas of ILT are detected.

At the inlet of the aneurysms (the distal neck), a jet is formed and penetrates into
the aneurysmal sac. The velocity gradient between the jet flow and the surrounding
parts produces shear layers, generating recirculating zones. Time-averaged velocity
magnitude contours in the mid-sagittal section shows apparent low velocity

magnitude regions along the posterior wall in the first two patients, 1 and 2, (indicated
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by the yellow arrows). The formed jet is close to the proximal anterior wall for the

three patients (see figure 6.7).
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Figure. 6.7: Right sagittal CT images with dashed red lines showing outer ILT walls (left
column). Time-averaged velocity contours at right view of mid-sagittal section and magnified in
the AAA sac region (middle column); yellow arrows show recirculating flow zones. Extracted
computational domain (grey) and ILT deposition (purple) of AAAs patients are shown in the
rightmost column; blue arrows indicate ILT deposition areas for Patient 3.

6.3.2. WSS derivatives and ILT

Figure 6.8 shows the posterior view of TAWSS, invTAWSS (the inverse of the TAWSS)
and normalized TransWSS contours of the Patientl (TransWSS is normalized with
respect to the maximum values of each patient NtransWSS = TransWSS / max
(TransWSS)) respectively in figures 6.8a, b and c. Similarly Contours of OSI, RRT and
ECAP are shown in Figure 6.8d, e, and f respectively. These parameters are calculated

and plot using our purposely developed ad-hoc MATLAB script (The Mathworks Inc.).
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Figure. 6.8: Visualization of WSS derivatives calculated by the ad-hoc MATLAB script in the case
of patientl, posterior view is shown (axes: Left-right and Foot-Head). a) TAWSS [Pa] , b)
InvTAWSS [Pal], c) NTransWSS [-], d) OSI [-], e) RRT [Pa!] and f) ECAP [Pa™].

Figure 6.9 and 6.10 shows the four views (Posterior, anterior, left, and right views) of

WSS derivative for the three patients. Contours of TAWSS, invTAWSS and NTransWSS
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for the three Patients, are shown in Figure 6.9. Contours of OSI, RRT and ECAP for the

three Patients, are shown in Figure 6.10.
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InVTAWSS and normalized TransWSS (NTransWSS)
distributions (respectively from left to right columns) in AAA patients using CFD simulations.
Extracted computational domain (grey) and ILT deposition (purple) of AAAs patients derived
from CT scan images are shown in the rightmost column as 3D representation.
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Figure. 6.10 : Visualization of OSI, RRT and ECAP (respectively from left to right columns) in
AAA patients using CFD simulations a) Patient 1 b) Patient 2 c) Patient 3. Extracted
computational domain (grey) and ILT deposition (purple) of AAAs patients derived from CT
scan images are shown in the rightmost column as 3D representation.

TAWSS and InvTAWSS are investigated in order to show the high and low regions of
WSS average over one cardiac cycle. For the three patients, the AAA sac is
characterized by low TAWSS values (high InvTAWSS) compared to the healthy part of
the aorta. As it can be observed the minimum values of TAWSS (max values of

InvTAWSS) are found in the dome of the aneurysm reaching values of maximum

InvTAWSS superior to 17, 12 and 6 Pa™* for Patients 1, 2 and 3 respectively. From these
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results it can be observed that low TAWSS (high InvTAWSS) are linked with ILT
deposition regions in terms of qualitative comparison. Patient 3 presents a higher
range of TAWSS values (lower range of InvTAWSS) in the AAA sac compared to
Patients 1 and 2. This patient is characterized by small and dispersed ILT deposition
areas in the aneurysm sac.

The OSI provides the oscillatory aspect of the flow: high values of OSl indicate that
the flow is purely oscillating and low values indicate that the flow is purely forward.
TransWSS is introduced by Peiffer et al. [113] to complete the OSI and TAWSS and to
distinguish between uniaxial and multidirectional flows. TransWSS was examined in
this study in order to understand the nature of the flow near the arterial wall in
different areas of the AAA.

For Patient 2, high values of TransWSS are observed in the two iliac arteries and in
some dispersed areas of the AAA sac. Whereas an inverse relationship was found
between TransWSS and OSl in the entrance of AAA sac for Patient 1, where high values
of TransWSS coincide with low OSl in this area, and the wall is devoid of ILT deposition.
Conversely, the wall is devoid of ILT in some areas for Patient 2 with low values of both
OSlI and TransWSS.

In the aneurysm sac, the ILT deposition is correlated with high oscillating flow
corresponding to high OSI values, high relative residence time (RRT) of blood particles
near the wall and low TAWSS (high InvTAWSS) values for Patients 1 and 2. Patient 3
presents different behavior, exhibiting ILT deposition in dispersed areas through the
aneurysmal sac, making it interesting in the understanding of which WSS indicators
and hemodynamic parameters are linked to ILT deposition. In this Patient, ILT
deposition co-localizes with high OSI, ECAP and RRT; and inversely co-localizes with
low TAWSS. For all three patients, RRT and ECAP present an almost similar topological

distribution as OSl in the AAA sac, which is the area of interest in this study.

6.3.3. Flow near the wall and ILT

Tables 6.4, 6.5 and 6.6 succinctly summarize the nature of the flow near to the wall for
all compartments in the three patients, Patient 1, 2 and 3 respectively. From these
three tables, it can be observed that regions of low TAWSS and high OSI are subjected

to ILT deposition (as per the rightmost column in the threes aforementioned tabs) for
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all the aneurysms independently to NtransWSS. In those regions, the EC are subjected

to oscillating non disturbed flow (low TransWSS) or oscillating disturbed flow (high

TransWSS) (see TAWSS, OSI and NtransWSS in Figure 6.11).

Table 6.4: ILT deposition regarding flow near the wall to which Endothelial Cells (ECs) are

subjected to in region of interest (AAA sac) for Patient 1 (P1).

AAA areas WSS parameters Flow near the wall to ILT deposition
which Endothelial cells EC
TAWSS oSl TransWSS i
are subjected to *

P1 Entrance of  -High -Low -High -Unidirectional disturbed  -No ILT
AAA flow I
AAA Sac -Low -Low -High and (low in -Unidirectional disturbed  -No ILT

some regions) flow (non-disturbed flow) I
SRS f
-Low -Oscillating non disturbed T
-High flow ’
-Proportionally - Oscillating disturbed flow ° “
High in some .z T, \
“ Y £
regions
Downstream -High -Low -High -Unidirectional disturbed  -No ILT
AAA SAC

flow ‘
- .

* Graphical representations of flow near the wall to which Endothelial cells EC are subjected

to, (Adapted from [113]).

Table 6.5: ILT deposition regarding flow near the wall to which Endothelial Cells (ECs) are

subjected to in region of interest (AAA sac) for Patient 2 (P2).

AAA areas WSS parameters Flow near the wall to ILT deposition
TAWSS 0S| TransWss which E.ndothellal cells EC
are subjected to *
P2 Entrance of  -High -Low -Low -Unidirectional non -No ILT

AAA disturbed flow
-Proportionally -Unidirectional disturbed &
High in some flow
regions _,

AAA Sac -Low -High -Low -Oscillating non disturbed  -ILT

-Proportionally
High in some
regions

flow

- Oscillating disturbed flow ﬁ
< S 7
= S

e .
.
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Downstream -High -Low -High -Unidirectional disturbed  -No ILT

AAA SAC flow w@:‘_
- e

* Graphical representations of flow near the wall to which Endothelial cells EC are subjected
to, (Adapted from [113]).

Table 6.6: ILT deposition regarding flow near the wall to which Endothelial Cells (ECs) are
subjected to in region of interest (AAA sac) for Patient 3 (P3).

AAA areas WSS parameters Flow near the wall to ILT deposition
which Endothelial cells EC

TAWSS OslI TransWSS .
are subjected to *
P3 Entrance of  -High -Anterior -High - Unidirectional disturbed -No ILT (anterior)
AAA part low ﬂon_ h A
Low -Posterior - Oscillatjng disturbed flow ~ILT (posterior)

part high - P h

N
kY

AAA Sac -Low -High Dmax -Low - Oscillating non disturbed  -ILT
zone (belt flow
from dome D= e !
to ‘
posterior) =
. L -No ILT
-High - Unidirectional non
-Low in the disturbed flow
remaining =
regions
Downstream -High -Low -Low -Unidirectional disturbed  -No ILT

AAA Sac flow }

—_—
.

* Graphical representations of flow near the wall to which Endothelial cells EC are subjected
to, (Adapted from [113]).

6.3.4. ILT-thickness areas as possible indicator

To further elucidate the ILT deposition-WSS derivatives’ relationship, in Figure 6.11 we
show two views for each aneurysm, enabling a visual comparison between WSS
derivatives thresholds versus ILT thickness. In the literature, different threshold values
of WSS derivatives are defined as a key threshold to distinguish between low and high
values when predicting thrombus formation, therefore we decided to use the most
common ones from different investigations. Hemodynamic conditions favorable for ILT
deposition in aorta where defined: low TAWSS and particularly <0.4 Pa by
[29,64,66,160]. OSI values >0.2 to 0.3 [66,113,145]; ECAP >1.4 Pa! [29] and values >10

Pa! for RRT [66], these values are adopted as threshold. ILT thickness was calculated
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by MATLAB script (detailed previously in section 6.2). The thickness values are patched
to the lumen surface for visualization purposes, allowing easy comparison against WSS

derivatives in Figure 6.11.

TAWSS oSl NTranswss ECAP ILT thlckness
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Figure. 6.11: Visualization of TAWSS,0SI, NTransWSS, RRT and ECAP (respectively from left to
right columns) in three AAA patients using CFD simulations in the AAA zone with threshold
values indicated in the corresponding color-maps (Blue for values below threshold and Red for
values above) . In the rightmost column ILT thickness in [cm] is shown for: (a) Patient 1; (b)

Patient 2; and (c) Patient. For visualization purpose, two views are displayed for each patient.

WSS derivatives at the inlet aorta and the iliac arteries are masked, showing only

the aneurysmatic region which is the region of interest. As observed, ILT deposition is
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related to TAWSS and OSI and consequently to RRT and ECAP. From Figure 6.11a and
8b, it can be observed that for Patients 1 and 2, which are characterized either by
thrombus covering the entire AAA sac (for Patient 2, as per Figure 6.11b) or partially
covered (for Patient 1, as per Figure 6.11a), the TAWSS is low and OSl is high in almost
the entire aneurysm sac (see Figure 6.12). Whereas for Patient 3 (Figure 6.11c), which
presents a small part of the aneurysm sac covered by ILT near to its lumen maximum
diameter, this area corresponds to low TAWSS and high OSI values; in contrast, the
remaining AAA regions are subjected to high TAWSS and low OSI values.

As it could be seen in the statistical boxplots (see Figure 6.12) mean TAWSS and OSI
values for Patients 1 and 2 are respectively 0.14 Pa and 0.32 for Patient 1 and 0.241 Pa
and 0.324 for Patient 2. Patient 3 presents a mean TAWSS equal to 0.48 and mean OSI

equal to 0.23.
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Figure. 6.12: Boxplots of WSS-based parameters (TAWSS, OSI, ECAP and RRT) in the entire AAA
region for Patients 1, 2 and 3. Whiskers refer to the 10th and the 90th percentiles respectively;
each box ranges between the first and the third quartiles with red line designating the median

value of the WSS derivatives.

One difference between Patient 1 and Patient 2 should be noted. For patient 2, the
thickest ILT area is located in the distal part of the aneurysm sac, corresponding to low
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values of OSI, RRT and ECAP (the blue area in Figure 6.11b) and also high values of
TAWSS (red area), while in Patient 1, the ILT is also thickest in the distal part but
correlates with opposite to patient 2’s hemodynamic conditions in corresponding
zone. Those hemodynamic parameters correspond to the proximal anterior part of the
aneurysm sac (entrance) which is devoid of ILT in Patient 1.

Motivated by the last observation of difference between Patient 1 and Patient 2
(Patient 3 was not included in this part of the study since it does not show a thinnest
and thickest ILT areas), we investigated whether we can use the hemodynamic
characteristics in the thinnest and thickest ILT in AAAs as possible indicators of ILT
growth. Supposing that the thresholds and magnitude of WSS descriptors found in the
literature and used in this study characterized by, on one hand, low values of TAWSS,
and on the other hand high values of OSI, ECAP and RRT are the most favorable

hemodynamic conditions to determine areas of AAA where ILT will continue to grow.
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Figure. 6.13: Visualization of TAWSS, OSI, RRT and ECAP in AAA Patients 1 and 2 using CFD
simulations in the thickest ILT zones with threshold > 1.7 cm: a) values indicated in the
colormaps; b) values indicated in the colormaps with corresponding threshold used for each
WSS-based parameter (Blue for values below threshold and Red for values above); and c)

statistical boxplots.
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Figures 6.13 and 6.14 illustrate the WSS descriptors in the thinnest and thickest ILT
areas respectively for the two patients 1 and 2. In Fig 6.13a TAWSS, OSI, ECAP and RRT
contours are shown. Similarly, Figure 6.13b shows these hemodynamic descriptors’

distribution for the two patients with threshold to better visualize regions of low and

high values.
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Figure 6.14: Visualization of TAWSS, OSI, RRT and ECAP in AAA Patients 1 and 2 using CFD
simulations in the thinnest ILT zones with threshold < 0.15 cm: a) values indicated in the
colormaps; b) values indicated in the colormaps with corresponding threshold used for each
WSS-based parameter (Blue for values below threshold and Red for values above); and c)

statistical boxplots.

Representation via statistical boxplots was done in Figure 6.13c. For Patient 1,

TAWSS is lower than the threshold value of 0.4 Pa [0.08 Pa to 0.18 Pa], OSI, ECAP and
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RRT are higher than their corresponding threshold values (see Figure 6.13b and 6.12c).
However, Patient 2 presents with the highest TAWSS compared to Patient 1 at the
thickest ILT area, with values ranging between 0.26 Pa and 0.45 Pa. OSI, ECAP and RRT
values where lower than the thresholds as it can be observed in (Figs 6.13a, 6.13b and
6.13c). These results show the WSS derivatives in the ILT regions exceeding or equal to
1.7 cm of thickness, comparable trends and observations are found when using 1.5 cm
of thickness as the minimum value to define the thickest ILT zone.

Similar to Figure 6.13; Figure 6.14 explore the wall shear stress derivatives in ILT
regions not exceeding 0.15 cm of thickness. For visualization purposes, two different
views are displayed for each patient. The thinnest ILT regions of Patient 1 presents
values corresponding to values favorable for ILT deposition in the proximal and distal
parts of the AAA, except in the posterior wall as shown in the color-maps (Figure
6.14a), similarly presentations with thresholds are shown in Figure 6.14b and
statistical boxplots (Figure 6.14c). Whereas in patient 2 we observe a difference
between the WSS derivatives values in the proximal part and the distal part of the
aneurysm. Contrary to the distal part, the proximal part of the thinnest ILT areas is

favorable to ILT growth.

6.4. DISCUSSION

This study presents the relationship between ILT deposition and outcome data
regarding hemodynamic parameters related to wall shear stress WSS exerted to the
endothelial cells (EC) In this study, we selected a sample of three AAA patients with
different ILT deposition area and different ILT thickness which makes this preliminary
study significative to explore the possibility of using the differentiation between the
hemodynamic characteristics in thinnest and thickest ILT areas as possible indicator in
the management of AAA by predicting ILT growth. The co-localization and relationship
between five WSS-based hemodynamic parameters and ILT deposition is addressed.
Results show the accumulation of ILT in flow recirculating area characterized by a
low velocity magnitude. Regions devoid of ILT correlate to jet impingement areas
formed inside the aneurysm sac. This result is in accordance with the previous
evidence [32,71]; where the jet is formed at the neck and circulated through the AAA

and impinging against the anterior wall as can be seen in Patients 1 and 3 in Figure 6.7.
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For those two patients (Patients 1 and 3), the anterior wall is free of ILT, whereas the
circulating zones created in the surrounding area, mainly in the posterior wall, are
characterized by ILT accumulation.

Patient 3 presents a case of ILT initiation near to its lumen maximum diameter. This
finding also agreed with the results found by Zambrano et al. [69] showing that the ILT
accumulation process began at region of maximum diameter. However for patients 1
and 2, each presenting with both a thin and thick ILT areas, the maximum ILT thickness
is found in the distal part of the aneurysm. For the two aforementioned patients, the
maximum ILT zone was in the left side of the distal part of aneurysm, as shown by red
zones in the rightmost column of Figures 6.11a and 6.11b. Figure 6.12 shows the
relationship between ILT deposition and the WSS-based hemodynamic parameters: on
one hand, there is a correlation between ILT deposition and low TAWSS; and on the
other hand, a direct correlation exists between OSI, RRT and ECAP with ILT. As can be
observed, Patient 3 is devoid of ILT and is characterized by higher TAWSS values in the
AAA wall and lower OSI, RRT and ECAP values. Conversely, the aneurysm wall in
Patients 1 and 2 is almost covered by ILT, corresponding to lower TAWSS and higher
OSI, RRT and ECAP values. This accords with the results found by Tzirakis et al. [43]
where patients with significant ILT deposition present low TAWSS values, below 0.5 Pa
in the aneurysm sac (in our case less than 0.22 Pa and 0.51 Pa for Patient 1 and 2
respectively). Whereas in the patient devoid of ILT, the TAWSS attain higher values
(reach 1 Pa in Patient 3).

This study is one of the fewest exploring the effect of TransWSS on ILT
accumulation. According to our results, it was found that independently to the nature
of the flow near the wall characterized by TransWSS (disturbed or non-disturbed flow),
the ILT deposition area corresponds to low TAWSS and high OSI values as defined in
tables 6.4, 6.5 and 6.6.

In figures 6.13 and 6.14, we displayed the WSS-based parameters in the thinnest
and thickest ILT areas for patients 1 and 2. The results show WSS-based hemodynamic
parameters favorable to ILT growth in the thickest and thinnest area for Patient 1.
Whereas, Patient 2 presents hemodynamic characteristics unfavorable to ILT growth
in the thickest region and thinnest ILT regions in the distal part of the aneurysm; and

favorable conditions are found in the thinnest part situated in the proximal part of the
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AAA. This suggest a strong potential of ILT growth in the thick ILT area for patient 1
while patient 2 shows a weak potential. Possible continuous growth of maximum ILT
thickness for patient 1 can be predicted. This result shows the possibility of predicting
ILT growth using the approach of determining the WSS-based indicators in the
thinnest and thickest ILT areas of AAA patients. This approach opens a perspective to
the study the effect of thin and thick ILT regions hemodynamics characteristics on ILT

growth prediction.

6.5. CONCLUSIONS

In summary, this preliminary study focus on the investigation of the co-localization
and relationship between ILT and WSS-based hemodynamic parameters (TAWSS,
TransWSS, OSI, RRT and ECAP) in three realistic patients with AAA by using CFD
simulations. Pulsatile flow was performed in ANSYS Fluent software and the non-
Newtonian behavior of blood was modeled by using Carreau-Yasuda model. ILT
segmentation and ILT thickness estimation are realized. CFD simulations enabled non-
invasively the hemodynamic parameters acting on the endothelial cells. A mesh
sensitivity analysis was highlighted, and the numerical methodology was validated
against in-vitro research data from the literature. Our model allowed the evaluations
of clinically relevant hemodynamics indexes.

High values of OSI, RRT and ECAP were found to co-localize with ILT deposition
areas, whilst there was a correlation between regions with low TAWSS and ILT. ILT
deposition areas were found in regions of low TAWSS and high OSI independently to
the flow nature near the wall characterized by TansWSS.

Our Results indicate that the suggested approach which is based on the estimation
of CFD-based WSS indexes in the thin and thick ILT areas extracted from the
segmentation of real medical imaging data could provide tool to support clinicians’
assessment and management of AAA patients. The results obtained in this preliminary
study can lead to further studies that consider other clinical follow up data of large
cohort of AAA patients in order to provide robustness to our methodology and our

suggested approach.
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Chapter 7

On the potential of 4D Flow in guiding CFD
analyses: a case study of aortic coartaction patient
In-vivo vs in-silico
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7.1. INTRODUCTION

Coarctation of the aorta (CoA) is one of the most severe congenital heart diseases
(CHD) which involves stenosis of the aortic segment. This malformation if not treated
early, can lead to a decrease in life expectancy due to complications such as coronary
artery disease, hypertension, stroke, rupture of the vessel and aneurysm formation.
Typically, it is diagnosed in childhood and accounts for around 8%-11% of (CHD)
[163].

In the last decade, derangements of the fluid dynamics within the region of
interest have been investigated as possible diagnostic and prognostic markers of the
pathology. In this context, novel in-vivo flow-encoding magnetic resonance (MR)
imaging techniques and in-silico computational fluid dynamics (CFD) have been
exploited to gain insights into the redistribution of flows and pressures [163,164].

Thanks to new technological developments in data analysis, image acquisition and
reconstruction [92], magnetic resonance imaging (MRI) has undergone substantial
developments and can provide, 3D angio scanning for morphological assessment and
4D Flow MRI, which combines volumetric spatial encoding with 3D blood velocity-
encoding. Up to now, 4D Flow MRI is the unique way to measure and visualize full 3D
time-dependent in-vivo blood flow [90], though with low spatial and temporal
resolution [165]. Complementary, computational fluid dynamics (CFD) provide
insights into the 3D blood flow and wall parameters with high spatial and temporal
resolution compared to 4D Flow MRI. Moreover, CFD allows the use of virtual
surgery planning by modifying the vessel in the planned or desired postoperative
geometry [93]. However, their consistency with in-vivo data may be hampered by
the used boundary conditions and the precision of complex patient-specific
geometries.

A number of recent studies have been devoted to the use of in-vivo data in CFD
calculations with the aim of helping surgeons make a decision regarding the surgical
procedure and management of cardiovascular disease patients. However, there are
few CFD studies about aortic coarctation based on 4d flow data, and there are no
studies about a cohort of patients with coarctation using MR-derived data in guiding

the realism of CFD models.
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Figure 7.1: Coupling in-silico and in-vivo data present an important tool to benefit from the

advantages of the two technics.

The present study takes into account the important aspects of validating the
numerical simulation by using angio-MRI data to extract patient-specific geometry
coupled with 4D Flow-based boundary conditions to obtain realistic CFD simulations.
3D velocity vector fields, pathlines and wall shear stress (WSS) distribution maps
were obtained by 4D Flow and CFD and were compared. The study was conducted

with data obtained from one patient with CoA at IRCCS Policlinico San Donato Milan.

7.2. MATERIALS AND METHODS
7.2.1. Workflow

The geometries of the numerical models were constructed from magnetic resonance
MR angiography data. In-house Ad hoc software (developed in Politecnico di Milano
by the Biomechanics group) was exploited to post-process 4D flow results and
extracts the patient’s specific boundary conditions to perform the numerical

simulations.
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Figure 7.2: Schematic representation of the adopted workflow. Angiography MR data were
used to extract patient-specific geometries. 4D Flow-based boundary conditions were used
to obtain realistic CFD simulations (the Flowchart was also presented in detailed form in

Chapter4 - see Figure 4.4).

In our study, the workflow displayed in Figure 7.2 is used for the combination of
the CFD and 4D Flow MRI. The steps followed could be summarized as follow for MR

sequences and CFD model respectively:

7.2.1.1. MR sequences

The MR acquisition could be summarized by the following step:
i.  MRA: MR angiography with a voxel size of 1.09x1.09x1.10 mm3
ii. 4D Flow: 3D time-resolved phase-contrast cardiac magnetic resonance with
velocity encoding (VENC) set to 200cm/s with a voxel resolution of
1.77x1.77x2.00 mm3 and ECG-gating during free-breathing.
iii. Analyzing the 4D Flow data by an ad-hoc MATLAB code(The MathWorks Inc.,
Natick, MA, United States), in order to extract the 3D velocity field and yield to

the use of these data as boundary conditions in CFD simulations.

7.2.1.2. CFD model

Patient-specific geometries of the aorta were extracted from magnetic resonance

angiography (MRA) imaging by using VMTKLab (Orobix Srl, Bergamo, Italy).
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Simulations were performed through a two-step approach, first a steady state
simulation and then three consecutive cardiac cycles.

The CFD boundary conditions were defined according to the 3D velocity field
extracted from the 4D Flow volume following the methods proposed in [166]. The
temporal variations of these physiological conditions were reproduced and
implemented through a user_defined_function (UDF) script (see C++ script in
Appendix B3). The simulation study protocol consisted in the following steps:

i. Patient-specific geometries extraction (from MRA).

ii. Geometries reconstruction and volumetric mesh were then computed in
ANSYS ICEM CFD (ANSYS, Inc., Canonsburg, USA).

iii. Generate a steady-state solution that will be used as an initial condition for
the time-dependent solution.

iv. Define an unsteady boundary condition using a user_defined_function (UDF)
based on the acquired 4d flow data.

v. Calculate a transient solution.

vi. Saving and post-processing time-dependent data sets.

7.2.2. Patient and MR data acquisition

MR acquisitions were performed on a 1.5 T scanner (Magnetom Aera, Siemens
Healthcare, Erlangen, Germany). Two MR sequences were acquired: gadolinium-
enhanced MR angiography (MRA), and 3D time-resolved phase-contrast cardiac
magnetic resonance, with prototype pulse sequences for three-directional velocity
encoding (4D Flow). The MRA volume was acquired prescribing a voxel size
resolution of 1.09x1.09x1.10 mm3 (echo time = 0.95 ms, repetition time = 2.67 ms,
flip angle = 25°). The 4D Flow volume of the acquisition was oriented along a sagittal
plane encompassing the ascending aorta, the aortic arch and the thoracic aorta. An
almost isotropic voxel resolution of 1.77x1.77x2.00 mm3 was prescribed [90]. The
remaining parameters were: echo time = 2.44 ms, repetition time = 38.72 ms, flip
angle = 8°, and temporal resolution = 45.27 ms. Data were acquired with prospective
ECG-gating during free-breathing, using a respiratory navigator. The velocity
encoding range (VENC) was properly set to 200 cm/s after scouting on cross-sections

positioned in the ascending aorta and downstream of the coarctation. Exploiting ad
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hoc in-house MATLAB software MATLAB (The MathWorks Inc., Natick, MA, United
States), 4D Flow data were analyzed yielding the time-dependent 3D velocity field
within a user-defined region of interest (ROI) [166].

7.2.3. 4D Flow based CFD simulation

A semi-automated segmentation was used to extract the aortic inner-wall of the
patient-specific from the MRA volume through a level sets algorithm available in
VMTKLab (Orobix Srl, Bergamo, Italy). The aortic inner-wall surface was clipped
distally, at the three supra-aortic branches and the descending aorta to create the
outlet surfaces. The ascending aortas were clipped in the sino-tubular junction, to
define the inlet surfaces (Figure 7.3). The segmented volume was exported as a .stl
file. Additional manual smoothing was applied to the geometries by using
Meshmixer (Autodesk, San Rafaeil, CA, USA) before generating the computational

mesh using lcem CFD (ANSYS, Inc., Canonsburg, USA).

AUTODESK
MESHMIXER

MRA volume

Figure 7.3: Steps followed in the segmentation of the inner-wall from MRA data.

7.2.4. Mesh sensitivity analysis

The mesh was refined in the near-wall region and mesh independence analysis was
performed for the computational domain (see Table 7.1). Velocity vectors coloured
by velocity magnitude are shown for different mesh sizes (see Figures 7.4a and 7.4b).
As it can be seen mesh 3 and 4 show similar velocity distribution and the maximum
velocity region is captured at similar areas. The optimum mesh size was determined
once the peak wall shear stress and the maximum velocity values do not increase by

more than 3%. Based on this analysis, the final mesh grid was selected.
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Table 7.1: Meshes parameters with corresponding maximum velocity values

mesh Number of Cells Maximum Diff/mesh4
[millions] velocity [m/s]

Mesh1l 0.25 2.04 -11.7%

Mesh2 2 2.26 -2.1%

Mesh3 3.4 2.38 +3%

Mesh4 5.7 2.31 -

mesh1l mesh2
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ANSYS Floert 150 (34, phes. lsm. transient) ANSYS Fluent 15.0 (3¢, pors. lam. Sansient)
mesh3 mesh4
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20 20,2017
ANSYS Fluect 15.0 (3¢, phes, am. anzent)

Jon 20,2017
ANSYS Floent 150 (34, pns. lam, ransient)

7 un 20,2017
b) Veiacty Vectars Colored By Velocty Magnitude (ms) PR o iid ANSYS Flueet 15.0 3¢, pbns. lam. bansient)

Figure 7.4: Velocity vectors colored by velocity magnitude [m/s] for four different mesh
(mash 1 to 4 from coarse to fine mesh respectively). a) All the domain is shown b) the

thoracic aorta is shown with aortic branches.
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7.2.5. CFD model

Computations were performed by using the finite volume solver Fluent (Ansys,
Fluent Inc, Lebanon, NH, USA). For the solution of the governing equations of mass
conservation and Navie—Stokes (see equations 3.15 and 3.16 in chapter 3 governing
equation section) a second-order upwind scheme was used. A second-order upwind
scheme was used for spatial discretization and the PISO (implicit operator splitting
pressure) algorithm for pressure-velocity coupling. For temporal discretization using
the Iterative time advancement scheme every time frame of the cycle was divided
into 50 time steps as mentioned in detail in Table 7.2. The convergence criteria for
the continuity and the velocity are in the order of 10-5 and 10-4 respectively.

A rigid wall with no-slip condition was assumed at the aortic wall. Blood was
considered as an incompressible and Newtonian fluid, with a homogeneous dynamic
viscosity of 0.0035 Pa s, and a density of 1050 kg/m3.

Three cardiac cycles were simulated to minimize the influence of initial
conditions, and the last cycle was considered in our results. The calculation time for
CFD was about 5 to 15 days for each cardiac cycle using the Polimi (Politecnico di
Milano) cluster.

An in-house MATLAB code (The Mathworks Inc., Natick, MA, United States) and

ANSYS CFD-Post (Ansys, Inc.) were used for the post-processing of the CFD data.

Table 7.2: Temporal discretization used in the numerical calculation of CoA patients

Number Time Time step Number of time Cycle size
of Time Frame size step per cycle (-) (s)

Frame (-) size (ms) (msx107?)

CoA 15 45.3 90.6 50 0.6795

Patient

7.2.6. Boundary Conditions

The CFD boundary conditions were defined according to the 3D velocity field
extracted from the 4D Flow volume. Specifically, the inlet and outlet surfaces of the
CFD model were registered in the 4D Flow volume by applying a rigid transformation

computed according to the relative orientation of MRA and 4D Flow scans. The
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discrete velocity field was sampled within the ROI on the cross sections identified by
Sin, Sout,1-2-3, following the methods proposed in [166]. The extracted points were
used to define: i) the full 3D velocity profile at Sin (Inlet real profiles in the ascending
aorta), ii) the net flow rate at Sou, 1-2-3 (3 aortic branches). At Sy, 4 (descending

aorta) a zero-pressure boundary condition was applied (Figure 7.5).

3D velocity profile
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Figure 7.5: a) To obtain realistic CFD simulations 4D Flow-based boundary conditions were
used with Inlet 3D velocity profiles after flow-rate conservative temporal interpolation.
Velocity at the three supra aortic branches, while zero-pressure in the descending aorta
were adopted as boundary condition. b) Example of 3D profile in the inlet of the CFD

domain.

The inlet profiles were reproduced from 4D flow data to UDF using the Gaussian

function (see Appendix B2). 2D Gaussian function was applied for each point of the
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inlet grid and the final applied function was the summation of all the Gaussian
functions.

7.2.6.1. Gaussian function

To explain the principle of gaussina function we show in Figure 7.6 , 1D and 2D
gaussina function . The graph of a Gaussian forms the characteristic symmetric "bell
curve" shape of the Gaussian/normal distribution, and has the general form in 1D
and 2D respectivly:

1D Gaussian function

_ (x=x0)?
f(x) =Aexp <— (T";:)) (7.1)
2D Gaussian function
_ _ (x=x¢)? (y=y0)*
flx,y) =A exp< ( 2oz T 202 )) (7.2)

Ais the Amplitude (correspond to Vz velocity component in our case and similarly for
Vx and Vy components).

Xo, Vo are the center coordinates ( corresponds to the cells centers in the inlet CFD
grid in our case)

Oy, 0y Are the x and y spreads of the Gaussian blob

T
10

08

02

00

a) b)

Figure. 7.6: a) 1D Gaussian function b) 3D plot of a Gaussian function with a 2D domain

[167].

In our work, we exploited the characteristic of the Gaussian function where we
could attribute an exact value at the dome center, and zero value in the remaining
regions of the 2D surface giving the possibility to apply for each cell center of the
inlet surface a corresponding 2D Gaussian function where the amplitude A of the

function corresponds to the through-plane component of the velocity value
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extracted from in-vivo data ( 4D flow). Using this methodology it was possible to
have for each cell of the inlet surface three velocity components Vx Vy and Vz (head
to foot H-F, posterior to anterior P-A and left to right L-R). A MATLAB script was
developed to prepare and write automatically the adequate in-vivo-based equations

necessary for the user_defined_function.
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0.04 . N (/) 004, Gaussian Function || |/
z ~ z ~2 i)
0.02 . 0.02
U VW 0. I
019 N\ 019 N\
> ! \\ !
D N 3
0.18 \\\ o 0.18 \\ S
047 < o4 047\ < o1
h i - B 0.09 \X . S 0.09
X o016 <~ o008 X o016 . <~ o008
> 007 y <007 y
015 0.06 015 0.06

Figure. 7.7: Example of real 3D profile (in-vivo) (right column in blue arrows) and in-silico
(red arrows) used in the CFD simulations (right column) at one time frame of the cardiac

cycle. Brown points correspond to the mesh cells' centers at the inlet surface.

The script developed is able to optimise the reproduced real 3D profile as it can
be seen in figures 7.7 and 7.8, showing the in-vivo (real) 3D profile and the
reproduced profile at different time frames of the cardiac cycle. A quantitative
comparison is shown in Table 7.3 confirming the precision of our UDF based on

Gaussian function.

Table 7.3: Quantitative comparison between in-vivo data (4D Flow) and reproduced in-silico

data used in the UDF as an inlet boundary condition to launch the CFD simulations.

Difference
4D Flow Gaussian (UDF)
/4D Flow (%)
Vmag_max [m/s] 0.43499 0.43497 0.003 %
Vmag_mean [m/s] 0.15898 0.15949 0.32%
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Figure 7.8: Real 3D profile (in-vivo) (right column in blue arrows) and in-vivo (blue arrows) vs
reproduce profile (yellow arrows) used in the CFD simulations (right column) at different
time frames of the cardiac cycle. Red points correspond to the mesh cells centers at the inlet

surface.
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7.3. RESULTS AND DISCUSSION

Simulated systolic fluid dynamics well compared with ground-truth 4D Flow data,
reporting a qualitatively similar pattern of the blood velocity field. Computed
streamlines highlighted the persistence of a high-velocity jet passing across the
coarctation region from mid to late systole (Figure 7.9). Consistently with 4D Flow
data, recirculation zones were observed proximal to the coarctation jet as well as in

the concavity of the ascending aorta. The top view is also shown in Figure 7.10.

a)

4D Flow

CFD

Figure 7.9: Representation of streamlines colour-coded by velocity magnitude for CFD
simulations and 4D Flow measurements of CoA patient at Peak- mid- and late systole
respectively (from left to right). The streamlines show a qualitatively similar pattern of blood

velocity fields.

m/s

Wis
Ho

Figure 7.10: Top view of Streamlines computed at the time-frames corresponding to peak

CFD

(a), mid (b) and late (c) systole.
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At peak systole, we quantitatively compared CFD results and 4D Flow data on
three different aortic cross sections: i) in the proximal ascending aorta close to
pulmonary trunk plane 1 (P1), ii) downstream of the aortic arch plane 2 (P2) and iii)

in the distal descending aorta plane 3 (P3) (Table 7.4).

a) P1 P2
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Figure 7.11: Velocity distributions in three selected cross-sectional planes along the aorta

CFD

the studied for the CoA patient. Comparison between 4D Flow measurements and CFD
results. In general, an excellent agreement is found between the measurements and the

simulations at every plane.

On all the selected cross-sections, the CFD analysis captured the patterns of the
velocity field reported by the 4D Flow processing (Figure 7.11). However, CFD
underestimated peak velocity values (|v|max) by 2% and 24% in the ascending and
descending aorta, respectively (Table 7.4). The length of the blood jet passing across
the coartaction was comparable and equal to about 53 mm. When focusing on the
wall shear stress (WSS) field, the CFD model well-captured the high- WSS region
downstream of the coartaction, as visible in the 4D Flow dataset, even if the
computed WSS peak values were an order of magnitude higher than the ones
estimated with 4D Flow data (Figures 7.12 and 7.13). Of note, this result is in
accordance with previous evidences [166, 168]. This is an open issue and different
techniques are now being tested to enrich 4D Flow data and extract more reliable

derivative quantities [166,169-172].
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3D Wall shear stress magnitude

CFD simulation
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Figure 7.12: Visualization of Wall shear stress distributions in CoA patients using 4D Flow

measurements and CFD simulations at peak systole. The computed CFD WSS peak values are

an order of magnitude higher than the ones estimated with 4D Flow data.

Table 7.4: Results of 4D Flow post-processing and of CFD simulation

4D Flow CFD

IV max, T0s (M/5)

Plane 1 1.34 1.32 (-1.5%)

Plane 2 2.23 1.70 (-23.8%)

Plane 3 2.01 1.81 (-9.9%)
Lyet (mm) 52.9 53.3 (+0.7%)
| WSS | max, o5 (Pa) 2.3 22.9
Lwss(mm) 58.6 60.1 (+2.6%)
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L wss (Mm)

a) | b)

Figure 7.13: 4D Flow post-processing and CFD simulation results. Geometrical parameters
related to the jet propagation, jet length (Ljt) (a) and related wall shear stress distribution
(Lwss) (b). Percentage variations of CFD results with respect to those obtained by 4D Flow

are reported in table 7.4.

7.4. CONCLUSION

In this work, the importance of the use of in-vivo and in-silico data to facilitate
diagnosis, risk stratification, treatment and understanding of cardiovascular diseases
in general and in the case of the management of patients suffering from aortic
coarctation (CoA) was explained. The verification and the cross-validation of the two
techniques were also checked, thus suggesting that the main features were well
captured. Our workflow is going to be refined to confirm the feasibility and to
further enhance and obtain more accurate computation results. The use of CFD
results provides insights into the 3D blood flow and wall parameters with a high
spatial and temporal resolution which is very important in the management of
patients suffering from cardiovascular diseases. As suggested by our preliminary
results, the realism and reliability of CFD simulations can be assessed by comparison
with ground-truth in-vivo 4D Flow data. Also, comparisons between more refined
variables, e.g. WSS, owing to their improved estimation from 4D Flow data [165],
may contribute to evaluating the outcomes of CFD models, which would allow, if

further optimized to obtain more accurate computations of the considered variables.
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GENERAL CONCLUSIONS

Cardiovascular diseases could affect children as they can affect elderly persons, they
could be either acquired or congenital. The mortality rate from cardiovascular
disease is higher in middle- and low-income countries compared to developed
countries [1]. In Algeria surveys and statistical analysis are usually conducted by
different institutions, hospitals and laboratories; however, studies related to the
management of cardiovascular diseases, the integration and the use of the newest
technologies in the management of patients are still lacking.

With the development of computing capabilities and high-performance
calculations, the use of complex numerical models with lower time consumption
become possible in the aim to understand the physiopathology and the altered
hemodynamic conditions in cardiovascular disease. To reproduce complex flow
behavior and mimic the realistic data medical imaging resources are needed. This
technological development led the Food and Drug Administration FDA to approve for
the first time the use of computational fluid dynamic models in clinical use [61].
Furthermore, computational fluid dynamic methods present the advantage of giving
the possibility to investigate noninvasively the cardiovascular disease and
consequently present a good tool for clinicians.

In this thesis, we focus on two diseases which affect the aorta the main artery in
the cardiovascular system. Abdominal aortic aneurysm AAA and aortic coarctation
CoA will be studied in this thesis.

The current clinical guidelines suggest considering the maximum diameter as a
criterion for planning and surgical intervention for patients with AAA; this approach
is too simplistic. Numerical methods could help in addition to overlooking other
morphological parameters that are associated with the risk of rupture in the
management of patients and to better stratify the risk for AAA rupture by
determining additional criteria to help surgeons make clinical decisions regarding
surgical intervention.

The main objective of using numerical simulations in the study of AAA is to
understand the hemodynamics in this disease and consequently define the

relationship between on one hand geometric parameters of AAAs and on the other
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hand wall shear stress derivatives and wall strain. In chapter 5 the effect of the
asymmetry of AAA is studied using CFD. A detailed parametric analysis of flow
dynamics using five virtual AAA models was performed. Flow behaviour and wall
shear stress derivatives (time-averaged wall shear stress TAWSS, and oscillating
shear stress OSI) were investigated.

In this study, numerically; the spatial distribution and the temporal evolution of
wall shear stresses were also studied. In addition, hemodynamic parameters such as
OSl and TAWSS were analyzed to define the effect of AAA asymmetry on the possible
risk of rupture and on the promotion of thrombus formation. The presented results
show that the symmetric aneurysm is subjected to low and oscillating wall shear
stresses, which could favour intraluminal thrombus (ILT) deposition, and growth and
endothelial dysfunction. Although the studied symmetric and asymmetric AAA
models have an equal maximum diameter, the asymmetry of AAA has a clear impact
on the flow behaviour and WSS derivatives values which could favour their
susceptibility to rupture and the formation of ILT. This study confirms the necessity
to define other morphological parameters as a supplemental criterion in decision-
making and endorses similar studies.

Chapter 6 is devoted to investigating the co-localization and relationship between
ILT and WSS-based hemodynamic parameters (TAWSS, OSI, Transversal WSS
transWSS, relative residence time RRT and Endothelial cell activation potential
ECAP). Computed Tomography CT data of three AAA patients were used. CFD
simulations with the pulsatile flow were performed and blood was modelled as non-
Newtonian using the Carreau-Yasuda model. The model was validated against in-
vitro data. CFD simulations enabled non-invasively the evaluation of clinically
relevant hemodynamic indicators. A new approach was suggested approach in the
aim to predict ILT deposition and growth based on WSS indexes in the thin and thick
ILT areas. This tool could support clinicians’ assessment and management of AAA
patients.

An accurate prediction of fluid dynamics-related quantities in aortic coarctation is
pivotal to support clinicians in the decision-making process and post-operative
treatment planning. To date two possible approaches are possible; CFD and 4D flow.

CFD allows for a high-resolution calculation of fluid dynamic quantities but its
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accuracy is strongly dependent on the assumption of the model (e.g. boundary
condition, geometry); 4Dflow provides true in-vivo data of the analyzed patient, but
with spatial and temporal resolution which doesn’t allow for accurate quantification
of hemodynamics. In Chapter 7, a workflow combining in-vivo (4D flow MR) and in-
silico (CFD) data in the case of patients suffering from aortic coarctation (CoA) was
explained. The adopted methodology allowed for capturing the main features of the
CFD model. The verification and the cross-validation of the two techniques were also
checked, this study confirms the robustness of CFD to mimic realistic 3D blood flow
and wall parameters with a high spatial and temporal resolution which is very
important in the management of a patient suffering from cardiovascular diseases. As
suggested by our preliminary results, the realism and reliability of CFD simulations
can be assessed by comparison with ground-truth in-vivo 4D Flow data. Also,
comparisons between more refined variables, e.g. WSS, owing to their improved
estimation from 4D Flow data [165], may contribute to evaluating the outcomes of
CFD models, which would allow, if further optimized to obtain more accurate

computations of the considered variables.

PERSPECTIVES

The main objective of using numerical simulations in the study of AAA is to
understand the hemodynamics in this disease and consequently define the
relationship between on one hand geometric parameters of AAAs and on the other
hand wall shear stress derivatives and wall strain. To endorse our results found in
Chapter 5 and the approach suggested in Chapter 6, a future study incorporating
fluid-structure interaction (FSI) patient-specific boundary conditions (BCs) to feed
patient-tailored simulations is needed. Further verification of current results is
required, and a replication of this analysis should be performed using a multicenter
and larger sample size of patients is necessary, along with the acquisition of a follow-
up CT scan to develop a clinical tool for the management of AAA patients to confirm
these findings.

Similarly to AAA, for aortic coarctation CoA, future work including large size of

patients is conceivable in perspective. In this study, we chose to focus on flow
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parameters and the wall shear stress acting on the wall. However, in CoA pressure
gradient prediction is the clinical gold standard by clinicians to diagnose CoA and is
measured through invasive catheterization. CFD guided by 4D flow MRI and
validated by comparison with the in-vivo flow behaviour could be a good alternative
and non-invasive tool to estimate the pressure drop (PD) in the diagnosis of CoA.

In addition to CFD and FSI modelling, artificial neural network ANN, and physics-
informed neural network PINN learned and fed by CFD and FSI results are of interest

in guiding clinicians in the management of patients with cardiovascular diseases.
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Appendix A

Detailed Numerical Method for Solving Navier-
Stokes Equations in ANSYS Fluent
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A.l. SOLVING THE LINEAR SYSTEM

The discretized transport equation of the scalar (see equation 4.2 in Chapter 4)
contains the unknown scalar variable ® at the center of the cell, as well as the
unknown values in surrounding neighboring cells. This equation, in general, is non-
linear with respect to these variables. A linearized form of equation 4.2 can be

written as follows:
a,® = Z a,,®,p + b (A1)
nb

Where the index nb refers to neighboring cells, and a, and a,,, are the linearized
coefficients for @ and ®@,,,, .

The number of neighbors of each cell depends on the grid topology, but generally
it is equal to the number of faces surrounding the cell (boundary cells being the
exception).

Analogous equations can be written for each grid cell. This results in a set of
algebraic equations. For scalar equations, FLUENT solves this linear system using an
implicit point (Gauss-Seidel) linear equation solver in conjunction with an algebraic

multi-grid (AMG) method.

A.2.  IMPLICIT TIME INTEGRATION (CORRESPONDS TO THE
PRESSURE-BASED SCHEME)

One of the methods consists in evaluating F(¢) at the future time step:
ch+1 _ ch
At

This is an implicit integration of the fact that ®"**! in a given cell is connected to

= F(on*) (A.2)

neighboring cells through F( ®"*1).

Ontl = P + At F(P"H1) (A.3)
This implicit equation can be solved iteratively at each time step before proceeding
to the next step.

The advantage of this scheme is that it is totally implicit and that it is unconditionally

stable whatever the time step.
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A.3. GRADIENTS AND DERIVATIVES EVALUATION

Gradients are not only needed to construct scalar values on cell faces, but also to
calculate secondary scattering terms and velocity derivatives. The gradient of a
variable ¢ is used to discretize the convection and diffusion terms in the flow
conservation equations.
Gradients in FLUENT are calculated using three methods:

e Green-gauss cell-based

e Green—gauss node-based

e Least squares cell-based

A.3.1. Green-Gauss theorem
When the Green-Gauss theorem is used to calculate the gradients of a scalar ¢ at

the center of cell cO, the following discrete form is used:

1 .
c0 7

Where ¢f is the value of ® at the center of the cell calculated as will be seen below.
The summation is done over all the cells surrounding the considered cell.

Among the three methods existing under Fluent and cited above, we opted for the
cell-based model mainly because of its high accuracy in the case of unstructured

meshes.

A.3.2. Green-Gauss Cell-Based Gradient Evaluation
By default, the nominal value, 3}: in equation A.4 is taken from the arithmetic mean

of the values at the centers of neighboring cells centers, i.e.,

5: cI)CO +(Dc‘1

; . (A.5)

A.4. DISCRETIZATION OF THE MOMENTUM EQUATION

The discretization schemes seen previously in the discretization section are used to
discretize the momentum equation. For example, for the momentum equation

along x, we set ¢=u, and we obtain:
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apu=2anbunb +prA.i++S (A.6)

nb

If the mass fluxes on the faces and the pressure are known, the previous equation
can be solved in the same way as the one we saw previously and a velocity field is
obtained. However, the mass fluxes on the faces and the pressure are not known in
advance and must be obtained as part of the solution; this is an important issue with
regard to the storage of pressure and the discretization of pressure gradients; this is
what we will see in what follows.

FLUENT uses a co-located scheme. In this diagram, the pressure and the velocity are
stored at the center of the cells.

However, the previous equation requires knowing the value of the pressure on the
face between cells cO and c1; therefore, an interpolation scheme is necessary to

calculate the values of the pressure at the faces of the cells.

A.4.1. Pressure interpolation Schemes
The default interpolation scheme interpolates the pressure on the face using the

coefficients from the momentum equation:

pCO + pCO

a . a .
ap.co ap.co

This procedure works well as long as the pressure variation between cell centers is
smooth. When there are jumps or large gradients in the momentum source terms
between control volumes, the pressure profile has a large gradient at the face of the
cells, and cannot be interpolated using this scheme. If this scheme is used, an
anomaly appears in the predictions of the cell velocity.

Flows for which this standard pressure interpolation scheme will not work include
flows with large body forces, strongly rotational flows, and high Rayleigh number
natural convection. In these cases, it is necessary to compact the cells in the regions
of high gradients to resolve the pressure variation adequately.

Another source of error is that FLUENT assumes that the pressure gradient normal
to the walls is zero. This is allowable for boundary layers, but not in the presence of

body forces or curvatures. Again, the inability to properly account for the wall
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pressure gradient is manifested by inward/outward pointing velocity vectors of the

walls.

Several alternative methods are available for cases where the standard pressure

interpolation scheme is incorrect:

eThe linear scheme calculates the pressure on the face as the average of the
pressure values in the adjacent cells.

e The second-order scheme reconstructs the pressure on the face in the same way
as that used for the second-order convection terms (see spatial discretization
section). This scheme can bring some improvement over the standard and linear
schemes, but it can have certain disadvantages if it is used at the beginning of a
calculation or with a bad mesh. The second-order diagram could not be applied for
flows with discontinuous pressure gradients imposed by the presence of a porous
medium or by the use of the model VOF or the Mixing Model for Multiphase Flows.

e The body-force-weighted scheme calculates pressure on the face assuming that
the normal gradient of the difference between pressure and body forces is
constant. This works well if the body forces are known a priori in the momentum
equations (e.g. buoyancy, buoyancy and axisymmetric swirl calculations).

eThe PRESTO! (PREssure STaggering Option) uses discrete continuity for a
"staggered" control volume to calculate the pressure. This procedure is likened in
spirit to the staggered-grid schemes used with structured meshes. For triangular,
tetrahedral, hybrid and polyhedral, similar accuracy is achieved using similar
algorithms. The PRESTO scheme is available for all meshes.

By comparing the different existing methods, we had the choice between the

PRESTO scheme and the second-order scheme. We used the second for its lower

numerical cost compared to the first scheme.

A.5. DISCRETIZATION OF THE CONTINUITY EQUATION

The continuity equation discretized on the control volume leads to:

Nfaces

f

where J¢ is the mass flux through face f
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In order to progress, we need to relate the velocity value on the face, with the
velocity values stored in the center of the cell. Linear interpolation of cell-centred
velocities results in a non-physical pressure checker-boarding. FLUENT uses a
procedure similar to that described by Rhie and Chow (1983) (see ANSYS Fluent user
guide to check this reference) to avoid checker-boarding. The velocity value across
the face is not linearly averaged; instead, a momentum-weighted average using the
weighting factors based on the coefficient a, from the above equation (equation
A.6) is used. Using this procedure J¢ is written as the form :

ap,co vn,co + ap,cl vn,cl
ap,co + an,cl

= j]: + df (pco - pcl) (A- 9)

Where P, Pe1s VncorVnec1 are the pressures and normal velocities, respectively

Jr = pr de((Peo + (VD)o 7o ) = (Per + (V)1 .71 )

between the two cells on each side of the face, and ]’}contains the velocity
influences in these cells ( see figure 4.6 in Chapter 4). The term dy, is a function of
a,, the average of the coefficients a, of the momentum equation in the cells on

each side of the face f.

A.6. SIMPLE ALGORITHM

The SIMPLE algorithm uses a relationship between velocity and pressure corrections
to apply the conservation of mass and obtain the pressure field.
If the momentum equation is solved with an assumed pressure field p*, the resulting
face flux, /7, is calculated from Equation (A.9).
Jr= ]Af* + dr(plo
—Pe1) (A.10)
does not satisfy the continuity equation. Therefore, a correction ]} is added to the

face flux ]f*so that the corrected face flux, J¢

Jr

=Jr+ Jf (A.11)
satisfies the continuity equation. The SIMPLE algorithm postulates that ]} is written
Ji = ds(péo — pé1) (A.12)

Where p’ is the cell pressure correction.
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The SIMPLE algorithm substitutes the flow correction equations (Equations (A.11)
and (A.12)) into the discrete continuity equation (Equation (A.8)) to obtain a
discrete equation for the pressure correction p’ in the cell :

a,p’ = Z Qnp Prnp + b (A.13)
nb

where the source term b is the net flow in the cell:

N faces

b= Z Ji Ay (A.14)
7

The pressure correction equation (Equation(A.13)) can be solved using the
Algebraic Multigrid (AMG) method. Once a solution is obtained, the cell pressure
and face flux are corrected using

p=p" +a,p (A.15)
Jr =17 +ds(peo — Pe1) (A.16)
Here a,, is the under-relaxation factor for pressure (In a simple form, the new value
of the variable ®@ within a cell depends upon the old value,®,,; , the computed
change in @, A®, and the under-relaxation factor, «, as follows: ® = ®,,; + adD).
The corrected face flux, /¢, satisfies the discrete continuity equation identically at

each iteration.

A.7. PISO SEPARATE ALGORITHM

The PISO pressure-velocity coupling algorithm is from the SIMPLE family. It is based
on a high degree of approximation relationship between the pressure and velocity
corrections. One of the limitations of the SIMPLE and SIMPLEC algorithms is that the
new velocity and the corresponding fluxes do not satisfy the momentum balance
after solving the pressure correction equation. Therefore, the calculation should be
repeated until the balance is satisfied. To improve the efficiency of this calculation,
the PISO algorithm performs two additional rectifications: neighborhood correction
and skew correction.

The PISO algorithm takes slightly more CPU time per iteration of the solver, but it
can significantly reduce the number of iterations needed for convergence, especially

for transient problems. Additionally, PISO skewness correction allows FLUENT to
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obtain a solution on a highly skewed mesh in approximately the same number of
iterations as required for a more orthogonal mesh.

For meshes with a high degree of asymmetry, the simultaneous coupling of neighbor
and asymmetry (skewness) corrections to the same pressure correction equation
source can lead to divergence or a lack of robustness. Another, albeit more
expensive, method of handling neighborhood and skewness corrections within the
PISO algorithm is to apply one or more skewness correction iterations for each
distinct neighbor correction iteration. For each individual iteration of the classical
PISO algorithm, this technique allows a more precise adjustment of the face mass

flux correction according to the normal pressure correction gradient.
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Appendix B

C++ scripts
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APPENDIX B1 (Boundary Conditions used in Chapter 5) :

Fourier series are used to reproduce the temporal variations of the physiological

velocity inlet condition in a waveform as shown in Figure 5.2a (see Chapter 5). To get

the harmonics a MATLAB script was used and the results show that 16" harmonics

are suitable to fit the physiological waveform. The Fourier series function is then

implemented in the processing through a User Defined_Function (UDF) called

DEFINE_PROFILE using C++.

C++ script:
ttinclude "udf.h"

DEFINE_PROFILE(unsteady_velocity, thread, position)

{

face tf;

real t = CURRENT_TIME;
begin_f loop(f, thread)
{

F_PROFILE(f, thread, position) =((5.84)+(((-1.861724)*cos(2*3.14159*(t+0.01)))+
(2.366494*sin(2*3.14159*(t+0.01)))+( (-0.8464147)*cos(2*3.14159*2*(t+0.01)))+

((-2.597306)*sin(2*3.14159% 2*(t+0.01)))+( 2.261833*cos(2*3.14159*(t+0.01)*3))+

(0.5455418*sin(2*3.14159*(t+0.01)*3))+
((-0.8357277)*cos(2*3.14159* (t+0.01)*4))+
(0.7784028*sin(2*3.14159*(t+0.01)*4))+
((-0.6328353)*cos(2*3.14159*(t+0.01)*5))+
((-0.2359725)*sin(2*3.14159*(t+0.01)*5))+
(0.4011518*cos(2*3.14159*(t+0.01)*6))+
((-0.5395101)*sin(2*3.14159*(t+0.01)*6))+
(0.4362277*cos(2*3.14159*(t+0.01)*7))+
(0.6074085*sin(2*3.14159*(t+0.01)*7))+
((-0.5395451)*cos(2*3.14159* (t+0.01)*8))+
(-6.0490195e-02*sin(2*3.14159*(t+0.01)*8))+
(2.2358865e-02*cos(2*3.14159*(t+0.01)*9))+
((-0.2770012)*sin(2*3.14159* (t+0.01)*9))+
(0.2721851*cos(2*3.14159*(t+0.01)*10))+
(1.3501522e-02*sin(2*3.14159*(t+0.01)*10))+
((-0.1614565)*cos(2*3.14159* (t+0.01)*11))+
(0.3356538*sin(2*3.14159*(t+0.01)*11))+
(-9.0932406e-02*cos(2*3.14159*(t+0.01)*12))+
((-0.3159903)*sin(2*3.14159* (t+0.01)*12))+
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(0.2058507*cos(2*3.14159*(t+0.01)*13))+
(3.2725684e-02*sin(2*3.14159* (t+0.01)*13))+
(-3.6538206€-02*cos(2*3.14159*(t+0.01)*14))+
(0.1096759*sin(2*3.14159* (t+0.01)*14))+

( (-0.1185898)*cos(2*3.14159*(t+0.01)*15))+
(-3.9283533e-02*sin(2*3.14159* (t+0.01) *15))+
(0.1185699*cos(2*3.14159*(t+0.01)*16))+

(-5.6332495e-02*sin(2*3.14159* (t+0.01)*16)))/0.485)*0.01 ;

}
end_f loop(f, thread)

}

[ Budes2\absorption de 10 C3015\bureau 1 ight\0.2\0.2\CURRENT TIME MILLS.cpp - Dev-C++ 5.6. o

File Edit Search View Project Execute Tools CVWS Window Help

7

Lk LS

DGEREE &)~ BRBIEE (440 Om:|v % &

|

|+ | T CURRENT TIME MILLS cpp |

#include "udf.h"

DEFINE_PROFILE(unsteady_velecity, thread, position)

{

face_t f;

real t = CURRENT_TIME;
begin_f_loop(f, thread)

{

F_PROFILE(f, thread, position) =((5.84)+(((-1.861724)*C05(2*3.14159*(t+0.01)))+
(2.366494%51n(2%3,12159% (t+2.21)) )+ (-8.8464147)%C05(2%3,14159%2%(t+2.01)) )+
((-2.597306) *51n(2*3.14159%2*(+20.01) ) }+( 2.261833%C0s(2*3.14159% (1+8.81)*3) )+
(2.5455416*51n(2%3,14159% (1+8.01)*3) )+

( (-8.8357277)*c05(2%3.14159%(140.01)*4))+
(2.77848268*51n(2%3.14159% (1+8.01)*4) )+

( (-8.6328353)*c0s(2%3.14159%(140.01)*5))+
((-8.2359725)*51n(2%3.14159%(t+0.01) *5) )+

( 2.4811518%C05(2*3.14159%(1+8.01) *6) )+

((-8.5395101) *51n(2*3.14159% (1+0.91) *6) )+

( 8.4362277%C05(2%3.14159% (1+8.81)*7) )+
(9.6874885%51n(2%3, 14159% (1+8.01)%7) )+

( (-8.5395451)%cos(273.14159%(20.01)*8) )+
(-6.84981552-82751n(273.14159% (+28.81)*8) )+

( 2.2358865e-827c0s(273.141597 (148.81)%3) )+
((-8.2776612)*sin(2%3.14159% (1+0.81) %) )+

( ©.2721851%c0s(2%3.14159% (1+6.01)*18) }+
(1.3501522e-02%5in(273.14159% (t+0.81)*18) )+

( (-8.1614565)%cos(273.14159% (120.81)*11) )+
(8.3356538751n(273. 141597 (1+2.81)*11} }+

( -9.89324862-82%C0s(273.14155% (1+8.81)*12))+
((-8.3159903) *sin(2%3.14159% (120.81) *12))+

( ©.2858567%C0s (2%3.14159% (1+8.01)*13) )+
(3.2725684e-02%51n(273. 141597 (120.81)*13) )+

( -3.65382086e-82%C0s(273.14155% (1+8.81)*14) )+
(2.1896759%5in(273.14159% (1+2.081)* 14} }+

( (-8.1185898)*cos(2¥3.14159% (t20.81)*15))+
(-3.9283533e-82%51n(273.14159% (t+8.01)*15) )+

( ©.1185699%C0s (2%3.14159% (t+0.01)*16) )+
-5.6332495e-82%51n(2%3.14159% (t+8.81)%16))) /@.485) *6.01 ;

(
3
end_f_loop(f, thread)
3

| EE Compiler I Iﬁ Resources | d]]] Compile Log | w Debug I @ Find Rauhs|
L

Line: 2 Col: 1 Sel: 0 Lines: 41 Length: 1600 Insert Medified

Figure B.1.1: C++ script used to have the inlet boundary condition

Figure 5.2.a).

used in Chapter5 (see
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Figure B.1.2: waveform reproduced by Fourier series and implemented as velocity inlet

boundary condition using the UDF in ANSYS Fluent (see Figure B.1.1).

REMARK:

A similar methodology is followed to reproduce the inlet velocity boundary condition
for Chapter 6. As it was mentioned in this chapter, PC-MRI-based volumetric flow at
the infrarenal artery [156] is converted to a corresponding velocity inlet waveform
for each patient (an example is shown for Patient 1 in Figure 6.3). Where similarly to
the example shown earlier (Figs B.1.1 & B.1.2) to get the harmonics a MATLAB script
was used and a Fourier series function, then this function is implemented in the
processing through a User_Defined_Function (UDF) called DEFINE_PROFILE using

C++ for each patient.

APPENDIX B2 (Boundary Conditions used in Chapter 7 —Inlet-)

C++ Script

Here we show some parts of the C++ script used to reproduce the in-vivo velocity
profile extracted from 4D flow MRI data used in Chapter 7. Here we are limited to
showing the velocity function in the x direction (Vx). As it could be seen in the
following figure the script contains 708 lines with more than 6.10° in length (see red

squares).
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[ 1ACOARCTATION_ Projectisim with gaussina function\newtonien\G-N-10A-3\allcyclNewtanien.c - Dev-C++ 5.6.3 T =
File Edit Search View Project Execute Tools CVWS Window Help

LdEEE 8| ~~ BRIEE | =] [ v |9 | ol b || ]

a] @ M [<g1uba1s: -l ‘]

' x velocity "

DEFINE_PROFILE(inlet_x_welocity, thread, position)

eal x[ND_ND]; /* this will hold the position vector */

eal xx,y,z,1

eal plx, p2x, p3x, pdx, p5x, p6x, p7x, p8x, p9x, plex, pllx, pl2x, pl3x, pldx, pl5x;
eal t=CURRENT_TIME;
int j, n = 5; 2D Gaussian function was applied
ace_t f;

0
egin_f_loop(f,thread)

for each point of the inlet grid.
Functions (ex: plx are formed by a
_CENTROID(x, f, thread); summation of all the Gaussian

x = x[@]; /* x coordinate
= x[1];
=x[2]; /* z coordinate */

1x=((-0.8870130161136206150@ ) * (exp( -
2x=((0.09926931153178199200)* (exp( - (
3x=((-0.30909389071612003008)* (exp (-
Ax=((-0.12301753165357239008)* (exp( -
5x=((-0.22952086473834427008)* (exp( -
6x=((-0.32717402146872210008)* (exp( -

function).

¥ coord

((pow( (y-0.25146679129998999000) ,2)) / (2* (poh( (pow(1.191999599
(pow( (y-0.25146679129999999000) , 2} )}/ ( 2* (powf (pow(1.1919999997
((pow( (y-0.2514667912999999960@) ,2)) / (2* (pofr( (pow(1.191999999
((pow((y-0.2514667912999999960@) ,2)) / (2* (pofr( (pow(1.191999999
((pow( (y-0.25146679129999999808) ,2)) / (2* (pofr( (pow(1.191999999
((pow( (y-0.25146679129999999008) ,2) )/ (2% (pofil (pow(1.191999999
7x=((-0.25259030947388150000)* (exp( - { { (pow( (y-0.2514667912999999900@),2) )/ (2* (pof( (pow(1.191999399
8x=((-0.11138238935365376000) * (exp( - { { (pow( (y-0.2514667912999999900@),2) )/ (2* (pof( (pow(1.191999999
9x=((-0.10052842362337980000 ) * (exp ( - { ( (pow( (y-0.2514667912999999900@) ,2) )/ (2* (pof( (pow(1.191999999
10x=((-0.14120845005086577008)* (exp( - ( ( (pow( (y-0.25146679129999999800) ,2) )/ (2* (phw( (pow(1.19199399
AMv—( (A ARAT1IFAATRAIAARAREAANVEfawnl _({ {nraal (v -0 2R1AARRTO1 2000QGOOAAAY I3 /¥ Mfrual Fnowal 1 1Q1QQQQ'QI ad

4

| EE Compiler | E Resources | d]]] Compile Log qu Debug @ Find Results
L

1
Line: 85 Col: 29 Sel: 0 I Lines: 705 I tength:ﬁBSBQEl Insert Modified Francais (France)
a)
[ I\COARCTATION_ Projectisim with gaussina functior ien\G-N-10~-3ialicycl ienc - Dev-C++ 563 I ) s
File Edit Search View Project Execute Tools CVS Window Help
DeH%E & |~ |86 EE \ =L IR T g
4 & [@ [(glnbals) -[ v]

<[ ][ 1 alleyciNewtonien.c

if(t == t1+i) B
{

+F

y ("plx: %10.10e\n", plx);*/
F_PROFILE(f,thread,position) = plx;
}

[m

else if(t == t2+i)
{

F_PROFILE(f,thread,position) = p2x;

else if(t == t3+i)
{

F_PROFILE(f,thread,position) = p3x;

else if(t == t4+i)
{

F_PROFILE(f,thread,position) = pdx;

else if(t == t5+i)

{

F_PROFILE(f,thread,position) = p5x;
}
else if(t == t6+i)

{ -

| EE Compiler | ﬁ Resources | ﬂﬂ] Compile Log | Q/ Debug I@ Find Results
L
Line: 88 Col: 35 Sek 0 Lines: 708 Length:6354008 Insert Modified

b)
Figure B.2.1: Part of C++ script used to reproduce the real inlet velocity profile used as an

inlet boundary condition in Chapter 7. (Gaussian function in the time frame of the cycle

where in-vivo data are provided -see Chapter 7 section 7.2.6-).
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Interpolation part:

[ 1"\COARCTATION_Projectisim with gaussina function\newtonien\@-N-10°-3\alicyciNewtonien.c - Dev-C++ 5.6.3 I N 0 e )
File Edit Search View Project Bxecute Tools CVS Window Help

DdEBE 8|~ BEIEE \ O || %) dhdlh|| -

] G [ ||[srcpa12 - -

[TalleycINewtonien.c
F_PROFTLE(f,thread,position) =((((t-(t11+i))* (p12x-p11x))/0.845 )+plix); /*0.045-t2 t1 &( -1 *

}

else if (t >t12+i &R t<tl13+i )
{
* interpolation Lineaure pour chaque piont du domaine de La CL ( inlet BC ) entre 2 time step
F_PROFILE(f,thread,position) =((((t-(t12+i))* (pl3x-pl2x))/0.045 )+pl2x); /*0.045=t2-t1 &(-1

}

else if (t >t13+i &R t<tld+i )
{
* interpolation lineaure pour chaque piont du domaine de La CL ( inlet BC ) entre 2 time step _
F_PROFILE(f,thread,position) =((((t-(t13+i))* (pldx-pl3x))/0.045 )+pl3x); /*8.045=t2-t1 &(-1/5

else if (t >t14+i && t<t15+i )
{
* interpolation lineaure pour chaque piont du domaine de La CL ( inlet BC ) entre 2 time step
F_PROFILE(f,thread,position) =((((t-(t14+i))* (p15x-pldx))/0.045 )+pldx); /*0.045=t2-t1 &(-1.

else if (t >t15+i &R t<(t15+i+8.845))
{
* interpolation Lineaure pour chaque piont du domaine de La CL ( inlet BC ) entre 2 time step
F_PROFILE(f,thread,position) =((((t-(t15+i))* (plx-p15x))/8.045 )+pl5x); /*@.045-t2-t1 &(-1)
}

1
end_f_loop(f,thread)

| BB compiler | Gy Resources | dlh Compile Log | & Debug [ Find Results|
/
Line: 88 Col 35 Sel D Lines: 708 Length6354008  Insert Modified

Figure B.2.2: Part of C++ script where the interpolation is applied, in time steps between the

time frames provided by in-vivo data.

This part of the algorithm allows the implementation of the boundary condition in
the following format (see Figure B.2.3 for more details check Chapter 7 section 7.2.6

and Figures 7.5 to 7.8).

III 3D velocity profile

A

Ao . 4
< Frc\w\v rate consekvative tlmelframes mterpolatlo/r/

) \ | /
\
\

\
\
\
\
, \
I \
1 \
‘ \
/
y
Inlet
Iy
Velocity Vectors Colored By Velocity Magnitude (m/s) (Time=1.6500e-01) Jan 22, 201
ANSYS Fluent 15.0 (3d, pbns. lam, transier

Figure B.2.3: 4D Flow-based boundary conditions used with Inlet 3D velocity profiles
obtained after flow-rate conservative temporal interpolation and implemented in the

processing through a User_Defined_Function (UDF).
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APPENDIX B3: (Boundary Conditions used in Chapter 7 —Outlets at the three

supra-aortic branches -)

A similar methodology as in Appendix B1 was used in this part of the script; here we

used the Fourier series to reproduce the in-vivo velocity at the three supra-aortic

branches.
[ 1ACOARCTATION Projectisim with gaussina function\newtenien\G-N-104-3\allcyclNewtonien.c - Dev-C++ 5.6.3 T T e
File Edit Search View Project Execute Tools CVS Window Help
DOEHDE E|~~ | BEIEH | o v %) i -]
g] & @ [:glubals: 'I v]
] alleyclNewtonien.c
(LRl cn /s (divi Jet en sens inverse itesse sortante ) signe -1 a

}
end_f_loop(f, thread)
}

DEFINE_PROFILE(out2_vel, thread, position)
{

face_t f;

real t = CURRENT TIME;

begin_f_loop(f, thread)

F_PROFILE(f, thread, position) = (-1)*((a20 + a21*cos(t*w) + b21*sin(t*w) + a22*cos(2*t*w) + b22*si

b
end_f_loop(f, thread)
}

DEFINE_PROFILE(out3_vel, thread, position)

face_t f;

real t = CURRENT_TIME;

begin_f_loop(f, thread)

F_PROFILE(f, thread, position) = (-1)*((a30 + a31*cos(t*w2) + b31¥sin(t*w2) + a32*%cos(2*t*w2) + b

}
end_f_loop(f, thread)
}

BB Compiler | B Resources | dlll Compile Log | & Debug | [€, Find Results|
h
Line: 85 Col 29 Sel: 0 Lines: 705 Length6353920  Insert Medified

Figure B.3.1: The Velocity boundary conditions used in the supra-aortic branches.

[ I'COARCTATION Projectisim with gaussina function\newtenien\G-N-10 \allcyclNewtenien.c - Dev-C++ 5.63 T e
File Edit Search View Project Execute Tools CVS Window Help

DEHE® 8|~~~ BRBIEE [ =] _HHEAEIL T -

a] ¢ M [(qlDbalsJ v[ v]

« |+ [ [ alleyciNewtonien.c

#include "udf.h"//file that contains tions for define functions and fluent operations
#define t1 6.0

#define t2 8.045

#define t3 6.09

#define t4 8.135

#define t5 6.18

#define t6 8.225

#define t70.27
#define t8 ©.315
#define t9 6.36
#define t10 @
#define t11 @
#define t12 0
#define t13 0.54
#define t14 0
#define t15 @
#define t16 0.
rdefine w 9.3084

#define ale 8.373

#define all 8.572

#define bll 6.675

#define al2 -0.2486

#define bl2  8.952

#dafine 212 2 A7R =

B8 Compiler [ § Resources | Il Compile Log [ 7 Debug [ [G Find Resuits|
!

Line: 21 Col: 1 Sel: 0 Lines: 705 Length:6353901 Insert Modified

Figure B.3.2: Part of the C++ script where the harmonics values are defined (at the
beginning of the script).
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This part of the algorithm allows the implementation of the boundary condition in

the following format (see Figure B.3.3).

0, 0: 0,
0,45
0
~
L E
c
©
(]
, £
y oy
/ 3
/ o
>
0,

01 Time frames [-]

Figure B.3.3: Boundary condition (Velocity waveform) applied at the three supra
aortic branches 01 02 and 03 , while zero-pressure in the descending aorta is
applied.

REMARK:

We didn’t show all the C++ scripts in this part of the thesis. Also, it should be noticed
that for each C++ script, multiple MATLAB scripts are developed as mentioned in the
flowcharts showing the methodology adopted in Chapters 5, 6 and 7 ( see
respectively Figures 4.2, 4.3 and 4.3 in Chapter 4). All the developed materials are

available under request.
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