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Resumo

As doencas cardiovasculares continuam a ser a causa mais frequente de mortalidade em todo o0 mundo
e constituem um grande desafio para a saude. Entre elas, a doenca arterial coronariana causa quase
metade das mortes e, portanto, é de enorme interesse entender melhor o seu desenvolvimento e efeitos.
Esta doenca é caracterizada pelo estreitamento (estenose) das artérias coronarias devido a deposicao de

placas na parede arterial, um processo patologico conhecido como aterosclerose.

Esta dissertacao teve como objetivo estudar a hemodindmica nas artérias coronarias estenéticas, a fim
de obter uma compreensdo mais profunda dos efeitos desta patologia no comportamento do fluxo
sanguineo. Para tal, foram realizados estudos numéricos e experimentais, utilizando modelos idealizados.
A investigacdo numérica foi realizada no software Ansys®, através da dindmica computacional dos
fluidos, que aplica 0 método dos volumes finitos. A abordagem experimental foi realizada utilizando um
sistema de microscopia de video de alta velocidade, para visualizar e investigar o fluxo sanguineo nos

biomodelos estenéticos /n vitro.

Inicialmente, estudou-se a influéncia da rugosidade nas visualizacdes do escoamento, e o melhor
biomodelo foi 0 impresso com menor resolucdo tendo sido, portanto, o selecionado para a realizacao
dos estudos hemodindmicos. Para comparar esses resultados com dados numéricos, o escoamento foi
definido como laminar e estacionario e o fluido foi considerado Newtoniano. Em geral, os resultados
numericos e experimentais foram concordantes, nao sé na previsao do comportamento do fluxo com

aparecimento de zonas de recirculacao na zona pos-estenotica, mas também nos perfis de velocidade.

Numa fase posterior, foi aplicada uma condicdo de entrada pulsatil para comparar o uso de simulacdes
de natureza laminar e turbulenta, usando o modelo SST k-w. Os resultados obtidos permitiram concluir
que a segunda é mais apropriado para simular o fluxo sanguineo. Posteriormente, foram examinadas as
principais diferencas hemodinamicas, considerando o sangue como fluido Newtoniano e nao-Newtoniano
(modelo de Carreau). Para estes modelos, as diferencas foram muito pequenas nos perfis de velocidade,
mas mais significativas nas tensdes de corte na parede medidas, com o modelo Newtoniano a prever
valores mais baixos. As restantes simulacdes foram realizadas usando o modelo de Carreau e um
escoamento de entrada transiente, tendo-se observado um aumento dos valores das velocidades e da

tensao de corte na parede com o grau de estenose, o que esta associado a um maior risco de trombose.

Palavras-chave: Artérias coronarias estenoticas, Biomodelos /7 vitro, CFD, Hemodinamica, Impressao 3D.



Abstract

Cardiovascular diseases remain the most frequent cause of mortality worldwide and constitute a major
healthcare challenge. Among them, coronary artery disease causes nearly half of the deaths and, thus it
is of great interest to better understand its development and effects. This disease is characterized by the
narrowing (stenosis) of coronary arteries due to plaque deposition at the arterial wall, a pathological

process known as atherosclerosis.

This dissertation aimed to study the hemodynamics in stenotic coronary arteries, in order to get a deeper
understanding of the effects of this pathology on the blood flow behavior. For this purpose, both numerical
and experimental studies were conducted using idealized models. The numerical research was carried
out using Ansys® software by means of computational fluid dynamics which applies the finite volume
method. The experimental approach was performed using a high-speed video microscopy system, to

visualize and investigate the blood flow in the /n vitro stenotic biomodels.

Initially, the influence of roughness in flow visualizations was studied, and the best biomodel was the one
printed with the lowest resolution having been, therefore, the selected to perform the hemodynamic
studies. To compare those results with numerical data, the flow was set to be laminar and stationary and
the fluid was considered Newtonian. In general, the numerical and experimental results were in good
agreement, not only in the prediction of the flow behavior with the appearance of recirculation zones in

the post-stenotic section, but also in the velocity profiles.

In a posterior phase, a pulsatile inlet condition was applied to compare the use of laminar and turbulent
assumptions, using the SST k—w model. The results obtained allowed to conclude that the second one
is more appropriate to simulate the blood flow. Subsequently, the main differences in hemodynamics
were examined considering blood as a Newtonian and non-Newtonian fluid (Carreau model). For these
models, the differences were very slight in terms of velocity fields, but more significant for the wall shear
stress measurements, with the Newtonian model predicting lower values. The remaining simulations were
performed using the Carreau model and a transient inlet flow, having observed an increase in the
velocities and wall shear stress values with the degree of stenosis, which is associated with a greater risk

of thrombosis.

Keywords: CFD, Hemodynamics, /n7 vitro biomodels, Stenotic coronary arteries, 3D printing.
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Chapter 1

Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide, affecting both developed and
deprived countries. According to the World Health Organization (WHO) data, an estimated 17.9 million
people have died from CVDs in 2016, representing 31% of all global deaths [1]. From these deaths, 85%
are due to heart attack and stroke. Moreover, it is expected that by 2030 the number of deaths will
increase to 22 million per year [2,3]. Numerous pathologies are contributing to the high mortality rate by
CVDs, such as cerebrovascular disease, rheumatic heart disease, hypertensive heart disease, coronary
artery disease (CAD), among others. Nevertheless, in this work, the focus will be on CAD since it is the
most common type of CVD and the major cause of heart attack [4]. Given its clinical impact, extended

knowledge of blood flow in these physiological conditions is essential [5].

The area of fluid mechanics that studies blood flow is known as hemodynamics, in which numerical
simulations, in particular Computational Fluid Dynamics (CFD), has played an important role. It has been
widely used in the assessment of blood flow behavior in arteries and, consequently, in the development
of CVDs, providing insight into the disease condition, disease progression, and therapeutic optimization
[6-8]. Additionally, the computational results are particularly important to compare and complement
studies /n vitro or, in some cases, when it is difficult or impossible to perform studies /n vivo, providing a

cost-effective method to simulate realistic fluid flows [9].

Although significant improvements have been made to the application of CFD models to resolve patient-
specific geometries, it is important to ensure its accuracy and reliability comparing the numerical results
with clinical and experimental data (Figure 1). Understanding flow fields under /n wvivo biological
environment is crucial, however, the non-invasive measurement techniques used to obtain that
information have technical deficiencies and thus, making them unfeasible for quantitative CFD
assessments. In turn, /n vitro measurements, where higher resolution flow fields are assessable, can be
performed to complement the shortcomings of /77 vivo measurements and are, therefore, vital for thorough
CFD cross-validations [10]. By combining the knowledge of clinicians, /n vitro results and the information
extracted from accurate CFD computational models, it can be obtained a reliable procedure for medical
diagnosis and treatment [11]. For this reason, both areas should be applied in a complementary way to

achieve optimal solutions for different requirements.
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Figure 1.Procedural diagram for experimental and numerical studies.

1.1. Motivation and Objectives

The primary motivation of this dissertation is the prevalence of CVDs, the single largest cause of death
worldwide. Despite the great progress achieved in the atherosclerosis research, the nature of the disease
is not fully understood. Therefore, the need to understand this disease persists, making it necessary to
carry out more hemodynamic studies, both numerically and experimentally. By exploring both methods
as a research tool, a wide-ranging understanding of the mechanisms responsible for the pathology's
development and progression can be obtained. Moreover, through the characterization of the blood flow,
a relationship between the hemodynamic behavior and the occurrence of CVDs, such as atherosclerosis

can be established.

The main objectives of the present research are summarized as follows:

e Perform a detailed numerical and experimental study of the blood flow behavior in the
presence of stenotic coronary arteries, considering different geometric and physiological
parameters.

e Investigate the hemodynamic effect of lumen reduction in coronary arteries, based on
idealized models, both numerically and experimentally. Various degrees of stenosis are
simulated at coronary arteries to identify their effect on the subsequent hemodynamic

changes.



e Compare two different techniques of three-dimensional printing (fused deposition modeling
and stereolithography) and evaluate the influence of different printing parameters on the
results.

e Investigate the roughness of the printed models and study its influence on the experimental

flow visualization tests.

1.2. Dissertation Outline

This dissertation is divided into eleven chapters. In the following, a brief overview of the distinct

dissertation chapters is given.

Chapter 1 shows the importance of combining computer simulation and experimental studies, while
Chapter 2 provides a theoretical framework about the cardiovascular system and fluid mechanics
principles needed for a better understanding of all the concepts used in the blood flow studies. In Chapter
3 a review of /n vifro stenotic arteries to perform blood analogues flow visualizations and measurements
is shown. This chapter is currently under review at the Open Journal of Biomedical Engineering. Chapter
4 describes the experimental techniques and setups used to perform blood flow visualizations, as well
as, the image analysis process. In Chapter 5, the literature review regarding numerical blood flow studies
is presented. This chapter also includes the mathematical modeling of fluid flow, where the CFD
fundamentals, the governing equations, the description of the turbulence models, the discretization

approaches, and the solution algorithm are addressed.

The case of the present study is described in Chapter 6, giving details of its implementation in the
computer simulations (geometry dimensions, mesh developed, and boundary conditions applied to solve

the problem under study), as well as the printing parameters used to create the physical model.

Chapter 7 - 9 present papers accepted and under review. Chapter 7 presents the experimental results
obtained for the biomodels provided by the company Biofabics. In this study, the influence of roughness
on flow visualizations was studied and the models with different constrictions were used to investigate
their effect on blood flow by measuring the particles’ velocity for each degree of stenosis. This chapter
was accepted for presentation in International Conference Innovation in Engineering (ICIE), 2021,
Guimaraes, Portugal. Chapter 8 presents a similar study to the previous one, however, combining
experimental and numerical results. This chapter is under review for publication in the Micromachines
journal. Chapter 9 exhibits different numerical studies implemented in a new stenotic artery model, also
developed in the present work. This chapter studies not only the effect of using turbulence models, but

also non-Newtonian models to simulate the blood flow behavior. This chapter was accepted for
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presentation and publication in the International Conference on Applied Mathematics and Computer

Science, 2020, Athens, Greece.

Chapter 10 includes the numerical validation of the results as well as, comparisons of the numerical
results in the two different stenotic models used in the present work. The numerical simulation results of
the pulsatile nature of the blood flow are also presented and discussed.

Finally, Chapter 11 indicates the main conclusions of the present dissertation and also some important

points to take into account in future research.



Chapter 2

Cardiovascular System and Hemodynamics

This chapter presents important theoretical fundamentals for a better understanding of this work including

the cardiovascular system and hemodynamics.

2.1. Cardiovascular System

The cardiovascular system is often associated with the heart, nevertheless, this consists of the heart,
blood vessels, and blood, being responsible for providing oxygen and nutrients to the body tissues, as
well as the removal of carbon dioxide and waste products via blood. Without its proper functioning, wastes

accumulate in tissues and body organs fail to function appropriately [12].

2.1.1. Morphology and Physiology of the Human Heart

The heart, whose anatomy is shown in Figure 2, is one of the most vital organs in the human body, which
contracts rhythmically and forcefully to pump blood throughout the body in blood vessels [4,13,14]. Itis
located in the thoracic cavity between the lungs and its main functions are route blood, generate blood

pressure, ensure one-way blood flow, and regulate blood supply [13].

The heart cavity is divided down the middle into a right and a left heart, which in turn are subdivided into
two chambers, an atrium, and a ventricle. The atria and ventricles are separated by the interatrial and
interventricular septum, respectively [4]. Although it is a single organ, the heart acts as a double pump,

with arteries carrying blood away from the heart and veins carrying blood toward the heart.

To prevent the backflow of blood, the heart has different valves, the atrioventricular (AV), and the
semilunar valves. The AV valves are located between the right and left atrium and their ventricles. The
mitral or bicuspid valve is located between the left atrium and left ventricle and the tricuspid valve is
located between the right atrium and the right ventricle. Both valves prevent backflow into the atrium
during systole. The semilunar valves (pulmonary and aortic valves) are located at the point where the
pulmonary artery and aorta leave the ventricles. The pulmonary valve is located between the right ventricle
and the pulmonary artery. While the aortic valve is located between the right ventricle and the pulmonary

artery. These valves prevent backflow into the ventricle during diastole [12,15].
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Figure 2. Anterior view of the heart showing major vessels. Adapted from [12].

2.1.2. Blood Flow Through the Heart

The heart and its delivery system have two separate circuits, the pulmonary circuit, which is supplied by
the right side of the heart, and the systemic circuit which is supplied by the left side of the heart (Figure
3). In both circuits, the blood is pressurized in the heart and then travels through blood vessels to the
capillaries for gas exchanges with cells and, it is then returned to the heart. Another aspect that must be
highlighted is that both ventricles contract at the same time, and both atria contract at the same time,

even though the blood flow is defined for the right and then the left side of the heart.

The right side of the heart works as the pulmonary circuit pump. In this case, the oxygen-poor blood
enters the right atrium through the superior and inferior venae cavae. Then, the blood is pumped out
from the right ventricle to the lungs through the pulmonary trunk (right and left pulmonary arteries), where

gas exchange occurs, and oxygen is picked up.

The left side of the heart pumps oxygen-rich blood returning from the lungs. The blood enters through the
pulmonary veins in the left atrium and is then delivered to the entire body through the aorta artery and

back to the right side of the heart. This second phase is known as systemic circulation [4,12,13,15-17].
6
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Figure 3. Diagram listing in order the structures through which blood flows in the systemic and
pulmonary circulations. The heart valves are indicated by circles, deoxygenated blood by blue and
oxygenated blood by red. Adapted from [13].

2.1.3. Cardiac Cycle

The term cardiac cycle refers to the repetitive pumping process that begins with the contraction of the
heart muscle and ends with the beginning of the next contraction. This is divided into systole, the period
of ventricular contraction, and diastole, the period of ventricular relaxation (Figure 4). Systole is important
for generating the pressures necessary for moving blood, while diastole is important to ensure that there

is enough relaxation time for the chambers to refill with blood before the next contraction [16,18].

Left atrium
Right atrium

Left ventricle
Right ventricle

@ The atria and @

ventricles are systole contraction ventricular diastole
relaxed contraction

Figure 4. Summary of events occurring during the cardiac cycle. Adapted from [12].

Firstly, both atria and ventricles are relaxed. Blood fills the atria from the body and the lungs, and when
the pressure is high enough, the AV valves open and the semilunar valves remain closed. After that, blood
begins to passively fill the ventricles to approximately 70% of their volume. Only when atrial contraction
(atrial systole) occurs, the last of the atrial blood is emptied into the ventricles completing its filling.
Subsequently, the ventricles contract increasing the pressure of the blood within them. Almost instantly,
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the AV valves close and the pressure in the ventricles continues to increase. This continuous ventricular
contraction causes the pressure in the ventricles to exceed the pressure in the pulmonary trunk and aorta.
Consequently, the semilunar valves are forced open, and blood is ejected out into the systemic and
pulmonary circulations via the aorta and pulmonary artery, respectively. At the onset of ventricular
diastole, pressure in the ventricles decreases below the pressure in the pulmonary and aortic trunk and
the semilunar valves close, preventing blood backflow into the ventricles. Once this phase is completed,

the cycle begins again [13,15,16,18].

2.1.4. Blood Vessels

The blood vessels of the body form a network extremely complex. Essentially, these are divided into five
different types: arteries, arterioles, capillaries, venules, and veins. They vary slightly in their structures but
share the same general features. Its main function is to carry blood from the heart to the tissues and

organs, and vice versa.

Arteries carry oxygenated blood from the heart to all body tissues, except for the pulmonary artery, that
carries deoxygenated blood to the lungs. These vessels transport blood to body tissues under high
pressure caused by the pumping action of the heart. Because of this, they must have thick, strong, and
elastic walls, that can resist the large changes in blood pressure, allowing the efficient transport of blood
away from the heart. Notice also that, arteries have smaller lumens than veins, helping pressure

maintenance of blood while moving through the system [4].

The wall of an artery consists of three layers, which are the same for veins: the tunica intima (innermost
layer), the tunica media (middle layer), and the tunica adventitia (outermost layer) (Figure 5). The first
one consists of an inner surface of smooth endothelium covered by a layer of elastic tissues. The second
one is thicker, particularly in the large or medium arteries, and consists essentially of smooth muscle
cells combined with elastic fibers arranged circularly around the blood vessel. The tunica media in larger
vessels is composed primarily of elastic fibers. However, when arteries become smaller the number of
elastic fibers reduces, and the number of smooth muscle fibers rises. The third one is the strongest. It is
composed of dense connective tissue (collagenous and elastic fibers) and provides a limiting barrier,

protecting the vessel from excessive expansion [13,16,18].
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Figure 5. Structure of blood vessels. Adapted from [12].

Arteries are usually classified as elastic arteries, muscle arteries, and arterioles. Elastic arteries have a
larger diameter and thicker wall, such as the aorta and pulmonary trunk. These arteries have a larger
portion of elastic tissue and a thinner layer of smooth muscle. Moreover, the elastic capacity of these
vessels prevents the rapid fall of blood pressure and maintains blood flow while the ventricles are relaxed.
Muscle arteries include arteries of medium and small diameter and their wall thickness consists
essentially of smooth muscle cells of the tunica media, which allows the regulation of blood flow
[13,16,19]. These vessels are responsible for delivering blood to different parts of the body. Arterioles

carry blood from the small arteries to the capillary network.

As can be seen, the transition from the artery to arteriole is a gradual process, where a progressive
thinning of the vessel wall and a decrease in the size of the lumen occurs. The walls have a greater
amount of smooth muscle and less elastic tissue. The arterioles further branch into tiny capillaries where
the exchange between the blood and tissues occurs. As the capillaries converge, the formation of small
venules starts and they continue to increase their size, starting to exhibit the same wall structure of
arteries and later fuse into veins. Compared to arteries, veins have thinner walls, contain less elastic

tissue, less smooth muscle cells and the lumens are larger [4,13,16].



2.1.5. Coronary Arteries and its Physiology

The coronary arteries are responsible for the transport of oxygenated blood to the entire heart muscle, so
any disorder or disease in these arteries can have serious implications. If the blood flow to a region of the
heart is interrupted for a few minutes, the oxygenated blood is unable to be supplied adequately and the
ability of the cardiac muscle to function is reduced. Moreover, the portion of the heart muscle supplied

by that vessel possibly will be permanently damaged [14].

The typical coronary anatomy (Figure 6) has been thoroughly studied and is described extensively in the
literature [16]. Two major coronary arteries branch off from the base of the ascending aorta, just above
the aortic semilunar valves. They are called the right coronary artery (RCA) and the left coronary artery
(LCA). The RCA provides blood flow to the right side of the heart and continues posteriorly along the
atrioventricular sulcus and bifurcates into the posterior interventricular artery and right marginal artery
[16]. The LCA supplies much of the anterior wall of the heart and most of the left ventricle and it has
three major branches: the left anterior interventricular artery, circumflex artery, and the left marginal
artery [13,18,19]. In terms of geometrical appearance, the difference between the LCA and RCA is the

fact that the left side has a shorter main stem which quickly branches [20].
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artery artery
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Figure 6. Anatomical structure of the coronary arterial tree. Adapted from [13].
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2.1.6. Blood

The human blood is a multiphase complex fluid that carries vital substances to cell tissues and organs of
the body and its composition and structure play a vital role in blood rheology. It consists of a concentrated
suspension of formed cellular elements (red blood cells — RBCs, white blood cells - WBCs and platelets),
which are suspended in plasma [21,22]. The continuous phase of blood, plasma, represents
approximately, 55-60% of the blood volume, and the remaining portion (40—45%) are formed elements.
However, WBCs and platelets are present in a very low concentration, constituting about 1% of its volume
(Figure 7) [23,24]. For this reason, the volume fraction of cells, called the hematocrit, is commonly

defined as the red blood cell volume fraction, since RBCs represent 99% of the cell volume [14,25,26].

RBCs are biconcave discs with a mean diameter in the range of 8 um and a thickness of approximately
2.5 um and transport oxygen from the lungs to body cells and deliver carbon dioxide from body cells to

the lungs. WBCs are principally involved in the immune defense of the body. Platelets are non-nucleated

cells that release chemicals to promote blood clotting when blood vessels are damaged [14,24,26].

Despite the complex rheology of the blood being well known, the vast majority of research on
hemodynamics assumes that blood behaves as a Newtonian fluid. This assumption is usually reasonable
when blood flows in large vessels, such as coronary arteries. However, even in large vessels, non-
Newtonian effects may become significant due to the pulsatile nature of the blood flow. This non-
Newtonian behavior, also known as shear-thinning, is related to the fact that RBCs can deform and

aggregate [27,28].

— 55%
plasma

1% —
White blood
cells and
platelets

Formed
elements
449%
Red blood
cells

Figure 7. Blood composition. On average, the formed elements make up 45 % and plasma makes up
55 %. Adapted from [13].
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2.1.7. Coronary Artery Disease (Atherosclerosis)

CVDs constitute the principal cause of death in the world, and the main underlying disease is known as
atherosclerosis. Atherosclerosis is a complex pathological process characterized by the gradual formation
of lipid-containing plaques in the innermost layer of the arterial wall, narrowing its lumen (Figure 8 and
Figure 9).

Adventitia

Intima

Media

Myocytes migrating into )
intimal abnormality

Cholesterol

Foam cells - Lipid core

Monocytes attracting to
abnormal intima

Fibrous cap

Figure 8. Atherosclerotic plaque components. Adapted from [19].

The progressive narrowing of the vessel hinders the normal blood flow, reducing blood supply and,
consequently, a lack of oxygen and nutrients are delivered to the heart muscle [29]. As the amount of
atherosclerotic plaque increases, blood vessels become stiffened and a greater effort is required from the
heart to eject blood in the cardiovascular system [9,30]. The symptoms of the disease, however, will
occur only when the extent of the lesions restricts the blood flow to the heart muscle below a critical level
(>70% diameter reduction). Cardiac ischemia manifested as chest pain or angina, fatigue, and myocardial
infarction are some of the consequences of this illness and, possibly, may cause death

[3,4,12,13,18,21,31,32]. Many cases of sudden cardiac death usually result from thrombosis
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superimposed on a ruptured atherosclerotic plaque [14,33]. Therefore, it is extremely important to

physiologically characterize and quantify functional coronary stenosis.

If this happens in a coronary artery, it is called CAD and results in abnormal changes in the coronary
artery diameter. This pathology occurs, mainly, due to the presence of a combination of risk factors, such
as unhealthy diet, hypertension, diabetes, hyperlipidemia (high levels of cholesterol), smoking, harmful
use of alcohol, physical inactivity, and age. Over the years, these factors appear to increase the severity

of atherosclerosis and the rate at which it develops [16,34,35].

To diagnose the presence of atherosclerosis, medical practitioners use blood tests, electrocardiograms,
stress tests, and techniques that allow visualizing the blood flow through the coronary or other vessels.
To treat, patients can receive either pharmacological treatment or coronary revascularization and the
choice is based on the stenosis severity and the clinical condition of the patient [36]. In cases of severe
atherosclerosis, an effective approach to the treatment of the occlusion injury is to open the coronary
blood vessels using a procedure called coronary angioplasty and stent placement, and blood flow is
restored [37,38]. If these treatments fail to increase blood flow to the heart muscle adequately, a coronary
artery bypass graft can be applied. This is a surgical procedure that involves taking a blood vessel from
another part of the body and attaching it to the coronary artery above and below the narrowed area or
blockage. Bypass surgery has become safer and it is successful at improving heart function and reducing
angina in most people. Nevertheless, it should be noted that neither stents nor coronary artery bypass
surgery treat atherosclerosis [16]. This means that even after a successful intervention, it can be

developed a re-stenosis or new obstructions elsewhere.

2.2. Hemodynamics

The study of hemodynamics or blood dynamics has captured scientists’ attention for thousands of years
and it is concerned with the distribution of pressures and flows in the circulatory system [39]. For this
purpose, it is of great importance to understand the mechanical forces involved and define some

important fluid properties.

2.2.1. Mechanical Forces Exerted by Blood Flow

Due to the cyclical nature of the heart's pumping, arterial blood flow is pulsatile and transient. In Figure
10, three types of hemodynamic forces generated by the pulsatile blood flow through the arterial

vasculature are shown: wall shear stress (WSS), a tangential frictional drag force acting on the endothelial
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cell surface as a result of blood flow [40]; transmural pressure, a perpendicular cyclic force due to blood
pressure; mechanical stretch, a cyclic tensile stress of pulsatile flow [41,42]. Among these hemodynamic
forces, it has been reported that the pathogenesis of atherosclerosis has a strong correlation with WSS
and its influence has been extensively investigated and well understood [11,43-46]. Over the last years,
various studies have shown that atherosclerosis lesions tend to be localized in regions of low and
oscillatory WSS all over the arterial tree [11,43-47]. On the other hand, the plaque rupture can occur
due to high WSS as it causes high flow changes in the vessel [22]. Despite the systemic nature of this
disease is associated with risk factors and WSS, it is also a geometrically focal disease that has a
propensity to involve well-recognized arterial regions of curvature, bifurcated area and vessel branches

[20,40].

Figure 10. A schematic representation of the forces the vessel wall is exposed to. The red arrow is the
normal force component, associated with blood pressure, the green arrow is the tangential component
force, associated with wall shear stress and the black arrow is the mechanical stretch. Note that the
size of the arrows does not represent the magnitude of the forces, only the direction. Adapted from
[41,42].

2.2.2. Blood Viscosity

Afluid is defined as a substance that moves and deforms continuously as long as a shear stress is applied

and its viscosity is defined as the internal resistance of a fluid to deform under shear loading conditions

[26,48]. This property relates the shear stress to the velocity gradient (Z—;) between adjacent layers of

the fluid, where u is the component of the velocity vector in the x-direction and y is the direction
perpendicular to the wall. For a Newtonian fluid, the applied shear stress (t) is proportional to the resulting
shear rate y, being the viscosity (u) the constant of proportionality. In accordance with Newton's law of

viscosity this relation is defined mathematically by Equation 1.
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When the relation between shear stress and shear rate is non-linear, the fluids are called non-Newtonian,

and its viscosity is also a function of the shear rate (Equation 2 and Figure 11).

T=u)y (2)

Shear stress, t©

Bingham plastic
/pseudoplastic
Dilatant

Newtonian

Shear rate, du
dy

Figure 11. Relationship between shear stress and shear rate. Adapted from [26].

As already mentioned, blood is a non-Newtonian fluid and its viscosity depends on the shear stress
applied, which diminishes as the shear rate is increased. This shear-thinning property (also termed
“pseudoplastic”) is intimately related to the dynamics of RBCs. At very low shear rates, the suspended
cells tend to form aggregates (rouleaux), and the apparent blood viscosity increases. By increasing the
shear rate, this aggregation decreases, and the apparent viscosity of blood reduces to a limit of

approximately 3.5 mPa - s [9,26,49].

The size of the blood vessels also influences blood viscosity. The viscosity decreases progressively with
the reduction of vessel diameter [49,50]. This effect is also known as the Fahraeus-Lindqvist effect, which
describes how the viscosity of the blood changes with the vessel diameter [51]. Typically, its occurrence
is observed at blood vessels smaller than 0.3 mm in diameter. In medium and large arteries, the shear
rates are higher than 100 s~ and the blood viscosity is almost constant [49]. For this reason, blood is
usually assumed as a Newtonian fluid in simulations of blood flow, which is an accurate approximation
at large Reynolds numbers and in large and medium blood vessels. However, in transient studies, there
are periods where the shear rate is below 100 s~ and non-Newtonian effects can become remarkably

important [52].
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There are several mathematical models to describe the behavior of viscous non-Newtonian fluids, such
as Power-law, Carreau, Casson, Carreau-Yasuda, Generalized Power-law, among others. However,
according to the results obtained by Razavi et al. [53], the Carreau model is a suitable model to represent

the non-Newtonian behavior of blood and it has been used by various authors [21,35,54,55].

In the Carreau model, the viscosity is described by Equation 3:
b=t + (o — i) [1+ 272 T (3)

where W is the viscosity, W is the viscosity at zero shear rate, L, is the viscosity at an infinite shear rate,
A is the relaxation time, n is the power-law index and y is the shear rate [56]. For values of n less than
one, the fluid behaves as a pseudoplastic fluid, that have a lower apparent viscosity at higher shear rates.
For n equal to one, the fluid is Newtonian. For n values greater than one, the fluid behaves as dilatant
(shear-thickening), and its viscosity increases with increasing the shear rates [52]. Besides that, it can be
seen that the previous model is valid over the complete range of shear rates, incorporating the values of

viscosity at zero shear and infinite shear rate into the formulation.

2.2.3. Reynolds Number

Flow rate is a quantitative value indicating the volume of blood passing through a vessel per unit of time.
The qualitative description of the blood flow consists of identifying the flow as laminar or turbulent. The
Reynolds number (Re) is the dimensionless number that allows to establish the flow regime and
represents the ratio between inertial and viscous forces on an element of fluid. This can be calculated

through Equation 4,

_ inertial forces  pUd A
© = Viscous forces 1 *

where p is the density of the fluid, U is the average velocity, d is the vessel diameter, and p is the

dynamic viscosity of the fluid.

Physically the inertial forces can be regarded as the ability of the fluid to move and deform freely, while
the viscosity acts to hold the fluid together, resisting to any deformation. For lower Reynolds values (Re <
2100), viscous forces are predominant, and the flow is described as laminar. Whereas, for high Reynolds
numbers, (Re > 2100), the inertial forces are sufficiently large to amplify the disturbances, and a transition
to turbulence occurs. In the transition region (2100 <Re < 4200), the flow can oscillate chaotically

between laminar and turbulent. When Re > 4200, the flow is fully turbulent [9,26,42,57].

16



Laminar flow is described by a parabolic velocity profile which means that the velocity is maximum in the
center of the vessel and decreases in the wall direction. All elements of the fluid move in streamlines that
are parallel to the axis of the tube. The turbulent flow takes place every time the blood velocity is too high.
The elements of the fluid move irregularly with a random behavior and the flow is often described as
chaotic with vortices developing [26,49]. Figure 12 represents the developed profiles of these two types
of flow. Under normal blood flow conditions, it is unusual the blood has a turbulent flow, however, at

highly stenotic vessels is observed the transition from laminar to turbulent flow (Figure 13).
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Figure 12. Velocity profiles for (a) laminar and (b) turbulent flow. Adapted from [49].
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Figure 13. Blood flow behavior along an artery with a severe degree of stenosis.
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2.2.4. Coronary Flow

In a previous section, the cardiac cycle was explained and it consists of two periods, systole and diastole.
Nevertheless, since the coronary circulation irrigates the heart, during systole the coronary arteries are
compressed by the contraction of the myocardium, hindering blood to circulate. Therefore, most of the
coronary flow occurs during diastole, where the flow increases. Note that this is the opposite of all other
vascular routes in the body. Looking at Figure 14, it can be seen that most of the blood flow to the
myocardium occurs during diastole and it is found to decrease during systole. During systole, the
microvasculature compresses within the ventricular wall, increasing resistance and, consequently,
decreasing flow. In diastole, the ventricle begins to relax, and the compressive forces are removed,
allowing the blood flow to increase, reaching a peak, which then falls passively. This happens as the aortic
pressure falls toward its diastolic value. Hence, it is the aortic pressure during diastole, which is most
crucial for perfusing the coronary arteries. This explains why the heart rate increase can reduce coronary
perfusion. At high heart rates, the length of diastole is greatly reduced, which reduces the time for
coronary perfusion. This is a problem if the coronary arteries are diseased and are not able to dilate

sufficiently, leading to myocardial ischemia and anginal pain [17,18].
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Figure 14.Pulsatile nature of coronary blood flow measured in coronary arteries. Adapted from [17,35]
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Chapter 3

/n vitro Stenotic Arteries to Perform Blood Analogues
Flow Visualizations and Measurements: a Review !

Abstract

Cardiovascular diseases are one of the leading causes of death globally and the most common subjacent
pathological process is atherosclerosis. Over the years, these cardiovascular complications have been
extensively studied by applying /n vivo, in vifro, and numerical methods. /7 vivo studies represent more
accurately the physiological conditions and provide the most realistic data. Nevertheless, these
approaches are expensive, and it is complex to control several physiological variables. Hence, the
continuous effort to find reliable alternative methods has been growing. In the last decades, numerical
simulations, in particular Computational Fluid Dynamics, have been widely used to assess the blood flow
behavior in arteries and, consequently, providing insights into the cardiovascular disease condition, its
progression, and therapeutic optimization. However, it is necessary to ensure its accuracy and reliability
by comparing the numerical simulations with clinical and experimental data. For this reason, with the
progress of the /n vitro flow measurement techniques and rapid prototyping, experimental investigation
of hemodynamics has gained widespread attention. The present work reviews the state-of-the-art of /n
vitromacro-scale arterial stenotic phantoms for flow measurements, summarizing the different fabrication

methods, blood analogues and highlighting advantages and limitations of the most used techniques.

Keywords: cardiovascular diseases, /n wifro, flow measurement, rapid prototyping, hemodynamics,

stenosis, blood flow, blood analogues.

3.1. Introduction

Cardiovascular diseases (CVDs) are the most common reason of death worldwide and are considered to
be one of the most important references for human health in the world. According to the World Health

Organization (WHO) data, 17.9 million people have died from CVDs in 2016, representing 31% of all

t Carvalho, V. et al. , 2020. /n vitro stenotic arteries to perform blood analogues flow visualizations and

measurements: a Review. Paper under review in The Open Biomedical Engineering Journal.
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global deaths [1]. CVDs are usually caused by atherosclerosis, which is a complex pathological process
characterized by the gradual formation of lipid-containing plaques in the innermost layer of the arterial
wall that narrows its lumen [2,45,58,59]. As the lumen narrowing increases, the blood supply reduces
and, consequently, a lack of oxygen and nutrients are delivered to the heart muscle, causing potentially

fatal cardiovascular events [2,60].

To understand the pathology process associated with atherosclerosis, many hemodynamic studies have
been conducted [10,61-66], either /in vitro, in vivo, in silico or ex vivo (see Figure 15) with the purpose

to obtain detailed pressure and velocity fields of blood flow phenomena.

In vitro Ex vivo
In silico In vivo
Atherosclerosis

Figure 15. Different approaches performed to study atherosclerosis.

studies

The primary technique used to characterize the flow field in the major blood vessels was performed by
Dokunin et al. [67], at mid of 19* century, when the extremities of a known volume airtight U-tube was
connected to a blood vessel to measure the rate of arterial blood flow according to the Poiseuille formula.
Nowadays, /17 vivo blood flow measurements are acquired through non-invasive techniques that include
computed tomography (CT) [68], doppler [66,69,70], ultrasound [71], and phase-contrast magnetic
resonance imaging (PC-MRI) [72,73], among others. Despite such measurements having the potential to
provide the most realistic flow field data, there are technical difficulties such as long measuring times and
lack of spatial resolution to derive velocity gradients and wall shear stresses, which limits the
representation of the vessel geometry, blood and tissue properties [10,74,75]. To overcome these
limitations, some recent studies have been performed. For instance, Chayer et al. [76] proposed a method
to manufacture ultrasonic vascular phantoms that mimic the atheromatous plaque in a carotid artery
bifurcation, that can be useful to validate new ultrasound-based imaging technologies. Goudot and his
team [77] showed the ability of ultrafast ultrasound imaging to evaluate local flow velocities over an entire
2D image, which has allowed to obtain accurate measurements of WSS, when compared to conventional

ultrasound imaging. Although research has progressed to overcome the difficulties of /in vivo
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measurements, these methods are still expensive, have low reproductively and require ethical

considerations [78,79].

An alternative to those measurements is /7 vitro experiments, which have captured the attention of many
researchers and, thus, have been improved over the years. The /n vitro blood flow has been studied using
several techniques including laser doppler anemometry [80], video microscopy and image analysis [81]
and particle-based methods such as particle image velocimetry (PIV) [82,83], micro-particle image
velocimetry (uPIV) [84], particle tracking velocimetry (PTV) [85] and stereo-PIV [86]. Although these
studies do not replicate accurately the complex interactions that occur /77 vivo, they provide a gold standard

of experimental control and are an important tool to validate and complement numerical studies.

Another relevant approach are the ex vivo studies. These studies bridge the gap between /in vitro and in
vivo research, where whole tissue slices are cultured [87,88]. For instance, about two decades ago
Santamore et al. [89] have studied the effect of stenosis on arterial vasoconstriction. The authors used
portions of the proximal circumflex artery of five dogs. More recently, Karimi et al. [64] have studied

human coronary arteries, including both atherosclerotic and healthy, excised within 5 h postmortem.

Moreover, the rapid advances in computer technology, in particular, computational fluid dynamics, has
attracted many researchers to investigate in detail several blood flow phenomena in blood vessels, which
are difficult to study in detail /n vitro and /in vivo [90-92]. Even so, there are still several problems and
challenges related to the performance of realistic blood flow modeling [93]. Table 1 summarizes some

advantages and disadvantages of these different assumptions.

Despite the large variety of methods to understand the pathology of atherosclerosis, in vitro studies
provide a valuable and powerful tool. Recent advances in computer-aided design, medical imaging, and
3D printing technologies have provided a rapid and cost-efficient method to generate arterial phantoms.
The main aim of this review is to provide a critical evaluation of different 3D printing approaches to
manufacture /n vitro biomodels of stenotic arteries to perform measurements and flow visualizations with

techniques frequently used.
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Table 1. Advantages and disadvantages of studies in vivo, in vitro, ex vivo and in silico studies.

Advantages

Disadvantages

In vivo

In vitro

Ex vivo

In silico

More realistic data;
Good to validate new practices and
techniques.

Easy to control variables;

Easy to visualize;

Low-cost;

Good to validate numerical studies;
Reduce the use of animals;

Do not have ethical issues.

No post-surgical animal care;

Maintain the architecture of the tissues
closer to the /n7 vivo setting;

Moderate control of variables;

Better visualization compared to /7 vivo.

Construction of more realistic virtual
models;

Reduction of lead times and costs of new

designs;

Complement experimental and clinical
approaches;

Ability to simulate biofluid flows

that are not reproducible in experiments.

22

Difficult to control variables;
Difficult to visualize;

Long measuring times;

Insufficient resolution;

Expensive;

Low reproductively;

Ethical issues.

Difficult to measure some variables
(e.g WSS);

Do not represent the complexity that
happens /n vivo,

Critical to reproduce exact geometry;

Difficult to reproduce real wall
motion.

Short observation time;
Difficult to visualize;

The age of the models may represent

a critical factor;

Isolation of the arteries is a critical
Process;

Ethical issues.

Difficult to define mathematically
some physiological parameters;
The results are dependent of the
accuracy of the mesh performed;
Complex simulations can be very
long.



3.2. Main Steps Involved in the Fabrication of /7 vifro Biomodels

To perform in vitro studies, three major steps must be achieved, which are represented in Figure 16.

Geometry Mold
construction of a manufacturing Mold extraction
3D model and casting

Figure 16. Schematic representation of general steps involved in the fabrication of /n vitro biomodels.

Firstly, the design of the blood vessel under study is performed and this can be obtained from either
patient-specific [10,35,63,78,83,94-96] or idealized geometries [22,62,82,97-103]. The initial research
incorporated mostly simpler geometries. Nevertheless, over the years, more realistic studies have been
applied to different cardiovascular analyses, including studies conducted in blood vessels [100],

aneurysms [104] and stenotic arteries [105,106].

After the geometry construction, a negative mold of the lumen is manufactured. There are many methods
for manufacturing, but the most common is rapid prototyping. Rapid prototyping, also named as additive
manufacturing (AM), is the latest innovative technology that has revolutionized product design,
manufacturing, and biomedical engineering, in the development of /n vifro biomodels [107,108]. Rapid
prototyping, allows the rapid conversion of the information from computerized 3D solid models into
physical objects, in a layer-by-layer manner [108-110]. Over the last decades, several rapid prototyping
techniques that have involved the processing of materials in solid, powder, or liquid form have been
developed [107]. The major rapid prototyping techniques are represented in Figure 17 and include
methods such as Stereolithography (SLA), Digital Light Processing (DLP), Multijet Modeling (MJM), Fused
Deposition Modeling (FDM), Selective Laser Sintering (SLS), Electron Beam melting (EBM), Direct Metal
Laser Sintering (DMLS), Inkjet 3D printing, and Laminated Object Manufacturing (LOM).

3D printing
technologies
Y A .

Y A
\(at e Material jetting Mater_lal POWd?rbed Binder jetting S.hee.t
hotopolimerization extrusion fusion lamination

A A, Y A Y A Y

{ SLA ] [ DLP ] [ MJM } [ FDM } [ SLS ] { EBM ] [DMLSJ [ Inkjet ] LOM

Figure 17. A comprehensive list of different types of printers that are currently in use for several
applications.
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Despite the numerous types of 3D printers encountered in the market, the SLA, FDM, Inkjet and Multijet

techniques are the most commonly used to manufacture artery physical models.

Briefly, in SLA, an object is created layer-by-layer and the polymer resin is cured by photopolymerization
using an ultraviolet (UV) laser beam [111]. At each layer, the laser is moved, tracing a pattern and

solidifying the resin [109].

In the FDM technique, an object is built by extruding a liquid thermoplastic material from a movable
printer nozzle and then deposited layer-by-layer onto a substrate. After extrusion, the thermoplastics
solidify almost immediately [109]. For instance, Faria et al. [112] and Hutter et al. [113] made 3D

biomodels using FDM printers.

The Inkjet process uses a liquid binding agent and a powder-based material. The print-head selectively
drops a fixed quantity of the liquid binding agent. The ejected droplet falls under the action of gravity into
the substrate and then dries through solvent evaporation. Then, a piston lowers the powder bed so that
a new layer of powder can be spread over the surface of the previous layer. This process is repeated until
the 3D structure is finished. In addition, this process can print a variety of materials such as metals,
ceramics, and polymers [109,114]. Aycok et al.[115] have used this technology to produce a healthy
inferior vena cava, and showed that this technique is suitable to obtain optically transparent internal flow

models.

Multijet printing works similarly to traditional inkjet printing, but instead of jetting ink onto powder-based
material, a jetting head deposits liquid photopolymer droplets onto a build platform where each droplet
cures with a UV light. After building each layer, UV light hardens the layer, and the build platform moves
down in the zdirection so that the next layer can be printed [108]. Table 2 shows the advantages and
disadvantages of these techniques to manufacture arterial phantoms. Additionally, in Table 3 some
hemodynamic /n vifro studies that have used 3D printing technologies to manufacture stenotic phantoms,

and the respective geometry, cast material, blood analogues and the analysis method used are presented.
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Table 2. Advantages and disadvantages of the most common 3D printing techniques used to produce

arterial phantoms.

Methods Advantages Disadvantages
SLA Simple manufacturing process; Expensive equipment and materials;
Fast and good resolution. Only photopolymers.
Easy to use;
FDM Good mechanical properties; Materials limited to thermoplastics.
Low-cost;
Fast.
Fast and scalable;
. Smooth surface finish; Poor mechanical properties;
MultiJet _
Accurate; Expensive.
High resolution.
Low cost; Low resolution;
Inkjet Easy to use; Low mechanical properties;

Reasonably fast.

Expensive replacement ink cartridges.

Table 3. Summary of some experimental /7 vifro studies of hemodynamic using rigid phantoms.

RP? Cast Measurement
Geometry RP material . Blood analogue Authors
system material method
Real Multijet
porcine an(j FullCure®720 PDMS’ W Jewkes
coronary , and 3Z model et al.[95]
. Inkjet
arteries
Iniection Silicone Brunette
Idealized m]oldin Aluminum (T-2 W- G# (40, 60%) PIV et al.
& silastic) [116]
Patient- DMSO™-W (52 Doutel et
atien SLAS PDMS SOW (52, uPIV outere
specific 48 %) al.[35]

2 RP - Rapid Prototyping

3 Polydimethylsiloxane

4 W-water

5G-Glycerol

6SLA - Stereolithography
’DMSO- Dimethyl sulfoxide
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Patient-
specific

Patient-
specific

Patient-
Specific

Patient-
Specific

Idealized

Idealized

Idealized

Patient-
specific

Patient-
specific

SLA

SLA

SLA;
Multijet
and FDM

Inkjet

SLA

FDM

SLA

Inkjet

SLA

PIC100 resin

Rigid print
material

(VeroWhitePlus

RGD835) and
rubber-like
material
(TangoPlus
FLX930

Flexible resin,

Tango Grey and
black resin and

TPU filament

Low melting

point alloy

Epoxy resin

Acrylonitrile
butadiene

styrene filament

(ABS)

Clear resin

Water-soluble
plaster

Stereocol
Acrylate

¢DiW- Distilled water

9SND- Synperonic N detergent surfactant

10D-Dextran

110-Orgasol particles
2DM- Demi water

13Nal-Sodium iodide
14RTV-Room-Temperature-Vulcanizing
15]A-Isopropy! alcohol

PDMS

Silicone

Silicone

PDMS

PDMS

PDMS

Silicone

RTV:«
Silicone
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Ou -Antifungal
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1,3,2,79%)

W-G (39, 61%)

DiW-G-Nal**
(47.38, 36.94,
15.68%)

W-G (45, 55%)

[A1-G (70, 30%)

Fluorescence

microscopy

Doppler

Doppler
Ultrasound

uPIV

PIV

Inverted
confocal
microscope

PIV

PIV

Costa et
al.[96]

Maragian
nis et al.
[117]

Stepniak
et
al.[118]

Malone
etal.
[119]

Doutel et
al. [99]

Choi et
al. [61]

Asaad et
al. [120]

Cheung
etal.[10]

Glickman
et al.[63]



Finally, to cast the physical model, a transparent material to the applied wavelength light must be used
and its half thickness must be smaller than the focal distance of the used objective lens [121]. Initially,
different materials were used, like plastic [122], glass [123,124], latex [125], polymethylmethacrylate
(PMMA) [126,127] and Agar-based materials [128]. Despite the diversity of materials mentioned, the
most common transparent materials are the polydimethylsiloxane (PDMS), glass and PMMA. However,
over time, PDMS became the preferred material of researchers due to its superior properties when
compared to the remaining materials [129-131]. Some advantages and disadvantages of PDMS, PMMA,
and glass are summarized in Table 4. In turn, Table 5 summarizes the typical mechanical, chemical
(solvent and acid/base resistance), and material costs for PDMS and thermoplastics, commonly used in

/n vitro studies.

Although PDMS is the most well-known and most common method, some authors have tried to directly
print biomodels without using cast materials, in order to produce compliant phantoms. For instance,
Biglino et al. [94] used the polyjet technique to obtain compliant arterial phantoms of patient-specific
data. They have concluded that TangoPlus FullCure® is a suitable material for modeling the distensibility
of arteries in vifro with very representative anatomical finishing and with the ability to represent non-
uniform wall thickness. More recently, Stepniak et al. [118] have used several flexible commercially

available materials to print 3D stenotic models (Table 3).
Table 4. Advantages and disadvantages of some casting materials used in biomodels.

Advantages Disadvantages

Nontoxicity;
Biocompatibility;

Simple fabrication process;
Good optical transparency;

Can absorb small hydrophobic molecules;
Evaporation of water vapor is hard to

PDMS -
Durability; control;
Elasticity; Hydrophobic nature.
Capable of sustaining a variety of cell types;
Inert.
, Rigid;
Economic; Can undergo thermal degradation and
PMMA | Biocompatibility; g . & o
, thermal oxidative degradation in the
Ease of processing.
presence of oxygen.
Good optical transparency; Difficult to reproduce the desired
Glass Excellent roughness; geometry;
Inert. Rigid.
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Table 5. Summary of physical properties for common polymers used in /n7 vifro models.

PDMS PMMA Glass
Mechanical properties Elastomer Rigid Rigid
Solvent resistance Poor Good Excellent
Optical transmissivity
o \Visible range Excellent Excellent Excellent
e UVrange Good Good Good
Biocompatibility Good Good Good
Material cost ~135€/ Kg ~1.6-3.6€/Kg ~20-30€/Kg

3.3. /n vifro Studies in Stenotic Arteries

In the literature, several researchers have been investigating different parameters associated with
atherosclerosis, besides the diameter reduction effect. Doutel research group has performed several
studies on stenotic coronary arteries. For instance, in one of their studies [99], they have compared two
types of casting methods, lost-wax and sucrose, to fabricate /7 vifro models, since the removal process
of these materials compromises the optical flow experiments and the credibility of the final results. They
have concluded that the lost-sucrose casting method exhibit much better optical characteristics when
compared to the lost-wax method. This allows a better flow visualization and the measurement of the

velocity fields by using a uPIV (Figure 18 (a)).

In a different perspective, Doutel et al [35] have developed a methodology to create 3D irregular stenosis
with different degrees of occlusion in artery models for numerical and /n vifro hemodynamic studies,
identifying areas of low wall shear stress as these locations have more propensity to the development of

atherosclerosis (Figure 18 (b)).
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(a)
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occlusion
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Visualization of the
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Figure 18. Examples of some phantoms and respective experimental images: (a) Rigid PDMS phantom
and flow visualization of a stenotic artery, adapted from [99]; (b) Flow visualization and streamlines
obtained numerically of a stenotic left coronary artery, adapted from [35]; (c) PDMS model of a stenotic
coronary artery and image obtained by means of fluorescence microscopy, adapted from [96].

(c)

In a recent study conducted by Jewkes et al. [95] 3D models of healthy and diseased coronary arteries
were fabricated based on a porcine heart and defined based on morphometric measurements. Two
different printers were used and compared. Different parameters like layer thickness, anatomical
accuracy and time per model, were studied. In their investigation, a hydrostatic system and a pulsatile

displacement system setup were applied.

From a different perspective, Helgeson et al. [124] have investigated the transport of particles used to
debulking plaques from arterial walls and showed an example of the importance of combining in sifico
and /n vitro studies. Choi et al [61] have conducted another study, where a comparison of rigid and
deformable eccentric stenosis was investigated. A deformable stenosis model was fabricated to mimic a
thin fibrous cap and the oily phase of the lipid core part was represented by using the liquid state of the
Sylgard 184 base. They have studied the deformation periodically, under a pulsatile flow condition, and
the results have revealed the feasibility to detect deformable vulnerable stenosis from the waveform of

the pressure drop across the stenosis.
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In addition to the previous investigations, interesting studies in stenosed carotid bifurcation arteries have
been conducted by Kefayati et al. [102] combining PIV analysis with CFD simulations. Firstly, the
researchers have only considered normal and stenosed carotid arteries (50% and 70%) aiming to study
transitional flow using a combination of PIV and proper orthogonal decomposition (POD). Then, in another
study [132], they have investigated not only the effect of stenosis severity (30%, 50% and 70%) in carotid
artery models, but also the plaque eccentricity (concentric or eccentric stenosis) and ulceration, taking
into account its influence in the level of turbulence intensity (Tl). Considering these last features, in
another work [133], the authors have also investigated the levels and patterns of shear stress, derived
from both laminar and turbulent phases, in the same models. The combination of these three studies
and their results have revealed that beyond stenosis severity, there are other parameters that have the
potential to promote clinical implications for a more sensitive assessment of stroke risk. In their studies,
the biomodels were manufactured using a lost-core casting technique. A low melting point metal (LMPM)
core in the shape of the desired lumen model geometry was cast from an aluminum mold. The core was
mounted inside a plastic box and a second material, either plastic resin or agar gel, was then poured into
the plastic box around the LMPM core. Once the material surrounding the core had solidified, the LMPM
core was melted out. This manufacturing process was also used by other authors like DiCarlo et al. and

Poepping et al. [128,134-136].

Griffith et al. [137] have applied a pulsatile inlet flow through a circular tube with an axisymmetric blockage
and studied both numerically and experimentally the effect of different degrees of stenosis. They have
observed that experimental flows are less stable than the numerical analysis prediction. In another
investigation, Yang et al.[138] have studied patient-specific left coronary stenotic arteries. They have
performed numerical studies and used 3D printing technologies (SLA) for a comprehensive understanding
of the relationship between spatial characteristics and hemodynamics variations. The results have shown
that multiple spatial characteristics can potentially improve the non-invasive evaluation of the diseased

vessel.

Since atherosclerosis is a complex disease associated with multiple factors, promising studies have
emerged [139-142] to understand the process of atherogenesis, thrombus formation and cell
interactions in stenotic arteries. In this direction, an interesting study was undertaken by Costa et al. [96].
Combining SLA with real medical images, they have performed both /n7 vifro and in silico studies of the
flow through healthy and stenotic arteries (Figure 18 (c)). The fabricated channels were lined with

endothelial cells and perfused with whole blood.
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As can be seen, there are many different types of research, all of them with the same goal to understand

the pathology of atherosclerosis. Thus, the research in this field can take many different directions.

3.4. Blood Analogues

The development of blood analog fluids to perform /n vitro hemodynamic experiments is extremely
relevant due to ethical, economical and safety problems related to the use of real blood in those
experiments. Hence, several researchers have been focused to the development of new analogues, in
order to mimic not only the physical properties but also the flow behavior of the real blood, especially
under steady shear conditions [28,143-148]. Some examples of those investigations are presented in

Table 3.

Initially, the blood flow studies were performed with Newtonian blood analogues composed of mixtures of
glycerol and water [149-154]. In a second stage, non-Newtonian fluids composed by xanthan gum (XG)
or/and polyacrylamide (PAA) diluted in glycerin and/or water were developed and applied in different

studies [28,155,156].

Pinto et al. [81] have found a noticeable cell-free layer around walls, when performing /n vitro experiments
with blood samples. That is due to the red blood cells (RBCs) migration to the center of the channel
leading to the reduction of the effective viscosity [157-162]. This physiological phenomenon does not
happen with blood analogues fluids without solid elements, such as microparticles and microcapsules.
Consequently, it is crucial to take into account the cellular blood components that exist within the base
fluid [81,163-165]. In addition, Lima and co-workers [164,165] have visualized and measured cell-cell
interactions. They have shown that the RBCs radial dispersion tends to increase with cell concentration
and may influence the blood mass transport mechanisms. Hence, it is important that the hemodynamic
flow phenomena that occur at the microscale level also be mimicked by particulate blood analogue fluids.
RBCs are able to perform fundamental functions, such as the transport of gases and nutrients, but they
also have the ability to deform under shear flow when they pass through a narrower capillary. Several
experimental works [146,166-169] have developed blood analogue fluids containing polystyrene and
polymethylmethacrylate (PMMA) particles to mimic the key structural attributes of RBCs. Despite the
similar size and shape, the mechanical properties, i.e. the stiffness and deformability, were not identical

to the real RBCs.

Subsequently, several types of particles with varying stiffness and shapes have been developed and their

deformability in narrow channels was investigated [158,166,170-173]. Maruyama et al. [144,174] have
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developed a blood analogue made of a Newtonian solvent containing a suspension of microcapsules to
evaluate the absolute hemolytic properties of centrifugal blood pumps. Later, Nguyen et al. [175] have
performed a similar study, but this time using a non-Newtonian solvent. These latter studies present
particulate blood analogues that are able to reproduce well the steady viscosity, but they did not study
any microscale flow phenomenon. An innovative blood analogue fluid containing giant unilamellar vesicles
(GUVs) [176,177] was developed to mimic the flow of RBCs in microchannels. The GUVs were made of
a hydrated mixture of soybean lecithin, extruded through polycarbonate membranes, to guarantee the
diameter of a uniform vesicle. Merkel et al. [178] have synthesized hydrogel microparticles with tunable
elasticity. They also evaluated the behavior of healthy and diseased RBCs and synthetic mimics of RBCs
by using microfluidic models of vascular constriction. Vilanova et al. [179] have successfully produced
monodisperse silicon droplets to be used as templates for the formation of capsules with potential
molecular delivery with controlled release. The mechanical behavior of the generated capsules could be
finely tuned by varying the geometrical parameters. Cui et al. [171] have engineered Polyethylen glycol
(PEG) hydrogel particles with adjustable elasticity and with a size similar to human RBCs. By using atomic
force microscopy and a microfluidic blood capillary model that mimics dimensions and pressure
differentials of the /n vivo environment, they have investigated the deformability behavior of these particles
and demonstrated that this behavior could be tuned to be similar to that of RBCs. Choi et al. [180] have
developed a simple and fast method to produce micro-sized spherical PDMS particles by mixing uncured

PDMS with distilled water.

Pinho et al. [169] and Calejo et al. [146] have developed particulate blood analogues with rigid particles
able to show a cellfree layer formation downstream of a microchannel contraction and the reproduction
of the viscosity curve of rigid RBCs suspensions. In Figure 19, the comparison between the flow of RBCs
and PMMA is illustrated. However, both studies have suggested that the only way to closely mimic some
microscale blood-flow phenomena is by using deformable microparticles. Recently, Mufioz-Sanchez et al.
[147,181] have proposed a flow-focusing technique to produce micro-sized PDMS flexible spherical
particles for biomicrofluidic applications, demonstrating also the ability of the proposed particulate fluid

to reproduce the steady shear viscosity curve of ovine RBCs suspended in Dextran 40.
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Figure 19.Flow of in vitro blood and a particulate blood analogue (PMMA particles in Dx40) through a
hyperbolic contraction (adapted from [146]).

3.5. Conclusions and Future Directions

Atherosclerosis is the primary cause of morbidity and mortality worldwide, having a great negative impact
on society around the world. The breakthrough in 3D printing technologies has enabled the production of
stenotic arterial phantoms, both idealized and patient-specific, directly from computer-aided-design data.
These arterial phantoms are remarkably important due to the ability to validate numerical results and to
deeply study atherosclerosis pathology and its effect on hemodynamics. There are several methodologies
to produce and perform Jn7 vitro experiments, making it extremely complex to suggest which is the optimal
process. Moreover, there are some drawbacks, limiting the applicability of the outcomes for clinical
practice. For instance, assumptions regarding flow behavior, stiffness of the wall, simplified blood
analogues and inaccurate vessel geometries, are properties that can affect the clinical value of many

findings.

This paper provides a review of various /7 vifro studies focusing on stenotic artery phantoms. In addition,
it shows different 3D printing techniques in the construction of stenotic phantoms and the variety and
importance of blood analogues selection. The most cost-effective techniques currently used are the laser
type, SLA, the jetting type and FDM. The most common material used to perform /n vitro flow studies is
PDMS, not only due to its low-cost, biocompatibility and optical transparency but also due to its elasticity.
The most reported measuring techniques were PIV and pPIV. These techniques lead to the generation of
accurate flow velocity profiles. Also, while the other techniques measure the velocity at a point, PIV
measurements produce two-dimensional or even three-dimensional vector fields. Different types of blood
analogues were developed over time. Most of the fluids are water-based or they were made with a mixture
of water and glycerin or glycerol. Some of the fluids have the ability to replicate the non-Newtonian

behavior of the blood while others have semi-rigid particles to simulate the behavior of the RBCs.

This review also shows that the current state of the art in stenotic arteries is capable of interpreting and

mimicking hemodynamic dysfunction and it can be used to optimize the existing treatments and to
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enhance the medical management of the atherosclerotic disease. Investigation in fluid mechanics has a
relevant contribution to the design of interventional diagnostic, measuring and treatment devices. Further
research is needed to better understand the physiological phenomena that occur in pathological
conditions. For instance, the properties of atherosclerotic plaque are most likely to be very heterogeneous,

anisotropic and non-linear.
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Chapter 4

Channels Fabrication and Experimental Procedures

This chapter describes the fabrication techniques used to manufacture the artery channels, as well as
some fundamental principles of the experimental setup applied during the experimental tests and data

processing.

4.1. Additive Manufacturing Techniques

3D printing, also known as AM or rapid prototyping, is the latest breakthrough technology that has
revolutionized many areas of engineering, including biomedical engineering. This technique allows the
rapid conversion of 3D digital model information into physical objects. The biggest advantage of this
technology is its compatibility with a wide range of polymeric materials, as well as possible compounds

and process efficiency [108,182,183].

There are different printer types such as Selective Laser Sintering, Inkjet 3D printing, Multijet Modeling,
Electron Beam Melting, Laminated Object Manufacturing, FDM, and SLA [108]. However, in this study,
only the SLA and FDM techniques were applied, which have been frequently used to manufacture physical

models of stenotic arteries or aneurysms.

4.1.1. Fused Deposition Modeling (FDM)

Also known as fused filament fabrication, this technology uses a thermoplastic filament, which is
continuously deposited on an extrusion nozzle heated above the melting temperature of the material.

Then, it is extruded and deposited layer by layer on a build plate.

The deposited layers solidify and bond permanently with the adjacent layers. During the process, as the
melted material is deposited, the needle moves in the x-y horizontal plane and it hardens promptly. When
each layer in the x-y plane is completed, the build plate is moved down in the z-direction to allow the next
layer to be constructed. This procedure is repeated until the whole part is obtained (Figure 20). To improve
interlayer bonding, the whole process is performed in a closed chamber that maintains the temperature

constant [6,108,182,184-186].
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Figure 20. Schematic FDM process. Adapted from [187].

For this printing technology, suitable polymeric materials are thermoplastics, such as polycarbonate,
polyphenylsulfone, ABS, and polylactic acid (PLA). These become molten at reasonably low temperatures

and solidify fast enough, holding their shape when hardened [186].

The simplicity, ease handling, rapid processing, reliability, and cost-efficiency are the main advantages of
the FDM process. The main drawback of FDM is the final surface roughness, which depends on the 3D
printer’'s minimum layer height. The printed objects tend to have visible layer lines, inaccuracies and this
can cause unacceptable surface roughness values. Besides that, this technique has the lowest accuracy
and resolution along the z-axis when compared with other AM techniques. Another important
disadvantage of FDM printers is the lack of thermoplastic polymers available for this technology.
Regarding the mechanical strength of the printed parts, the process of FDM manufacturing can provide

good and reproducible results [6,183,185,188,189].

4.1.2. Stereolithography (SLA)

Invented in the 1980s, the world’s first 3D printing technology was stereolithography and it is still being
predominantly used nowadays. Like FDM, models are built layer by layer, however, SLA uses a
photocurable polymer. Typically, a liquid resin is hardened by applying a UV laser in a process called
photopolymerization [185]. This 3D printing technique provides objects containing high resolution and
precision, definite details, slightly visible layer lines, and an extremely smooth surface finish. Those
characteristics combined with its versatility are the main benefits of this 3D printing technique. SLA is

typically the more efficient process, but it requires more labor-intensive and it is costly when compared

36



to FDM. The construction of a 3D object with SLA can be accomplished in two ways, the bottom-up or
bottom-down process. Only the second one was used in this work, which is next described and presented
in Figure 21.

/-stage
Resin

Reservoir Lens
(clear bottom)

Digital Mirror @ Light source
Device (DMD)

Figure 21. SLA basic parts. Adapted from [187].
The resin is detained in a build tank and the “printhead” is a laser beam, which is focused on a particular
focal depth. Then, the laser is moved to trace a pattern and solidify the resin, creating the first layer
printed. After that, the platform is raised upward along the z-axis, allowing a new layer of liquid resin to
cover the cured layer. This process repeats, creating the object layer-by-layer. Notice that, functional
groups that did not react in the solid layer when they are exposed to the resin in the new layer, can then

polymerize. This ensures good adherence between each layer of the build.

After the planar sections are completed, the prototype is post-cured exposing it to a final step using UV
light in a controlled furnace, in order to ensure the final polymerization of unreacted functional groups in

the polymer. At the end of the process, the excess resin is drained and carried away [108,186,190].

In addition, to obtain the optimal resolution, the thickness of the cured layer should be controlled. For a
given resin, the energy of the light to which the resin is exposed determines the cure depth and can be

controlled by adjusting the power of the light source, the scanning speed, or the exposure time [108,185].

To better understand and compare these two AM techniques, Table 6 summarizes some advantages and

disadvantages of FDM and SLA.
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Table 6. Summary of advantages and disadvantages of FDM and SLA technologies.

Advantages

Disadvantages

Low or moderate costs of equipment;
Economical (inexpensive materials);
High structural stability, chemical, water

Suitable materials are limited to
thermoplastics;

FDM and temperature resistance properties Difficult to control build plate temperature,

of materials; which is crucial for the best results;

Fast: The resolution along the z-axis is low.

Wide range of colorful printing materials.

Expensive equipment and materials;
) Suitable materials are limited to
Good resolution; - _
, ] photosensitive resins;
Good mechanical properties; o )
o Waste material is not recyclable and is hard

SLA Excellent surface finish;

to manage;

Supports are needed;

The laser needs to be calibrated
periodically.

Finished parts can be painted;

4.2. Experimental Procedures

This section focus on the experimental procedures carried out to perform roughness measurements and

the flow visualizations as well as, all the working steps applied during data analysis.

4.2.1. Roughness Measurements

Surface roughness is crucial for several applications and flow visualizations are one of them. Although its
effect on flow visualization has never been investigated, in this study it was found that it is a relevant
parameter and of great importance. Nevertheless, roughness measurement procedures depend on stylus
instruments which have only limited flexibility [191]. For instance, in the present work, the surface profiler
(Dektak® 150, Veeco) used, can only perform relevant and reliable measurements on flat surfaces. For

this reason, cubes were 3D printed to conduct the study, and the setup used is depicted in Figure 22.
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Figure 22. Surface profiler and the computer showing the output results.

Surface roughness most frequently refers to the variations in the height of the surface relative to a
reference plane [192]. There are several roughness parameters, however, in the present study, only the
arithmetic mean roughness (Ra) was studied since it is the most commonly used to indicate the level of
surface roughness [193]. The magnitude of Ra represents the area between the roughness profile and

its mean line (Figure 23) and it is estimated as follows in Equation 5 [194]:

L
Ra = %flz(x)l dx (5)
0

where L is the sampling length, and z(x) is the absolute ordinate.

Sampling Length L

| -
- Lol

Figure 23. Average roughness illustration. Adapted from [195].

4.2.2. Blood Analogues and Flow Visualizations

Real whole blood is difficult to manipulate /7 vifro, namely, because of ethical, economical, and safety
issues involved. For those reasons, the use of blood analogues has become of interest and have been
widely used in several experimental studies, because of their advantageous characteristics such as
nontoxicity, low cost, transparency, and the absence of ethical issues [28,196]. In the present study, the

fluid selected as blood analogue was a dimethyl sulfoxide (DMSQ)/water mixture (52%/48%-w/w), which
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matches the refractive index of both biomodels presented and it has similar rheological properties to the

blood (1= 0.00315Pa-s and p = 1072 kg - m™3) [197]. The refractive index is an important

characteristic since it reduces undesirable optical distortions and hidden regions and reflections that can
difficult the obtention of accurate measurements [196]. In suspension of the blood analogue fluid, 40 um
monosized spherical microparticles were used, (CA 40, Spheromers®) at a concentration of 0.2 %. Some
tests were made to find the appropriate percentage of particles, and it was concluded that the most

suitable was 0.2%.

The experimental method used to perform the flow visualizations and measurements was a high-speed
video microscopy system, which is commonly used in experimental fluids. This method allows obtaining
detailed and valuable information about the fluid flow that occurs in microscopic timescales, by acquiring

a series of image frames captured at a high temporal and spatial resolution [198,199].

The whole experimental setup used is depicted in Figure 24 and it consisted of an inverted microscope

(IX71, OLYMPUS, Tokyo, Japan) combined with a high-speed video camera (Fastcam SA3, Photron, USA).

[
\

Syringe

Computer High Speed  Inverted
Camera Microscope

Figure 24. Experimental equipment used to control and visualize the blood analog flow.

The biomodels were placed and fixed in the microscope. To control and impose a constant inlet flow rate
(5 ml-min~?), a syringe pump (LEGATO® 100, USA) was used. Various sequences of images were
captured and recorded by the high-speed video camera only on the center and post stenotic region, which
are the zones of interest. To obtain good quality results, for each case the best frame rate and illumination
were adjusted and, thus minimizing image artifacts. The recorded series of images were transferred to a

computer and evaluated by using an image analysis software.
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4.2.3. Imaging Technologies and Velocity Measurements

To process and extract data from the video sequences captured by the high-speed camera, an image
handling software ImageJ was used [200], which is commonly applied by most researchers. Essentially,
two main methods were applied to analyze and present the data obtained during this dissertation. The
first one is the Z Project function in ImageJ. This function was first applied to select the median projection
type. After that, the image calculator tool was used to subtract the median from the original image. Finally,
the Z project function was employed again selecting the maximum or minimum intensity to obtain the
images presented in this work. The second one is the tracking plugin, MTrackJ [201]. This plugin was
used to manually track the centroid of individual microparticles, by starting to apply the two first steps
discussed above, aiming to remove the noise and image artifacts. By performing the trajectories of
particles for a given frame rate, this plugin has as output the x and y positions and the respective velocity

for each trajectory of each particle (Figure 25).

T
Flow direction

Figure 25.Manual method showing the trajectories of particles.

Note that, since the regions of interest in this study are the stenotic and post stenotic region of the
biomodel, the frame rate selected for each case was different. Lower values (1000 frames per second)
were selected to obtain the images that only show the flow behavior. In turn, to track the particles and
measure their velocities at the stenosis throat, the frame rate selected was higher (6000 frames per
second). In this location, the velocity increases and so, to reliably track the particles it is necessary to
increase the frames number. Moreover, it should be highlighted that as the severity of stenosis increases,

the velocities are higher and the errors associated also increase due to particle-position uncertainty [202].
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Chapter 5

Blood Flow Modeling

Fluid dynamics studies have been used to complement and improve our understanding of cardiovascular
diseases. However, to solve those problems, it is important in one first stage to understand the
mathematical basis, the physical principles behind the mathematics, the governing equations for the
problem, among other issues. This chapter aims to define and explain the mathematical models used for

this work, as well as present relevant literature review of blood flow modeling.

5.1. Literature Review

Despite the variety of experimental studies and blood flow measurement techniques, there are some
difficulties associated with them. For instance, /n vitro WSS measurements are extremely difficult to
perform and the velocity measurements have high associated errors. These combined with other
complications of directly measuring quantities of interest, have motivated the use of computer simulations

and CFD to predict them /n silico [203].

The earliest numerical detailed studies solving the flow problem in constricted tubes were conducted by
Lee and Fung (1970) [204]. After that, other studies in this field conducted by Caro, Glagov and Ku et al.
can be highlighted [44,205,206]. Ever since, CFD approaches have been progressively adopted by most

researchers as the preferred technique for numerical modeling of hemodynamics.

Like in experimental studies, the numerical hemodynamic analysis of CAD has been performed by many
researchers, using one of two approaches: idealized stenotic geometries with idealized shapes (e.g. half-
sphere [207], ellipsoid [208], gaussian equation [209], cosine function [22], among others designed by
the authors themselves [210]) or realistic coronary arteries models extracted from patient’s medical data
[46,47,211-213]. In addition to the geometrical models, the boundary conditions assumed in each

investigation vary from author to author.

Chaichana et al. [20] performed an interesting study on the hemodynamic effect of variations in the
angulations of the left coronary artery, simulating blood flow in LCA models, based on idealized and
realistic coronary artery models. This study showed a strong relation between hemodynamics and LCA
angulations. Consistent observations between idealized and patient-specific LCA models demonstrated

that for particular parameters, the idealized models help to understand their impact in hemodynamics.
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They showed a direct correlation between wide angulation in the LCA and hemodynamic changes, such
as disturbed flow and low WSS, possibly inducing the development of atherosclerosis. In another work
[47], they investigated the influence of realistic coronary plaques on the LCA side branches, based on
coronary CT angiography images in a patient with CAD, and also compared the effect of non-Newtonian
and Newtonian fluid on WSS. Coronary plaques were found to be closely related to the subsequent WSS
and wall pressure stress gradient changes in the coronary side branches. They observed that the highest
wall pressure stress gradient was in stenotic regions, as well as the WSS, which was similar for both non-
Newtonian and Newtonian models. In the post stenotic section, a low flow velocity was found. Then, the
same authors [212] studied various types of plaques in different anatomical positions of the LCA to
represent a realistic distribution of coronary plagues. WSS and flow velocity were found to change at
different stenosis locations and a high WSS was found at 70% lumen stenosis. Similarly, Zhang et al.

[214] also proved that different locations and stenosis length affect blood flow behavior.

Gaudio et al. [50] compared Newtonian and non-Newtonian blood behaviors in patient-specific stenotic
coronary arteries at different grades of stenosis. For that, the researchers investigated numerically the
blood velocity and the distribution of the shear stress indices at different times of the cardiac cycle. Their
results showed that the velocity for the Carreau-Yasuda model is slightly lower when compared to the

Newtonian model, but the non-Newtonian effects are most important in shear stress indices distributions.

Kamangar and his team [46] investigated the effect of stenosis in left coronary arteries on the
hemodynamics in suspected CAD patients. They measured the pressure, velocity, and WSS during the
cardiac cycle and observed a considerable pressure drop across the stenosis and an increase in the
velocity and wall shear stress at the stenosis. The high WSS at the stenosis throat may cause plaque
rupture. In the post stenosis section, they observed the prevalence of the recirculation zone which can

result in the formation of new stenosis.

In a study carried by Biglarian et al.[215], the stenosis effect in two different modeling conditions, static
and dynamic (modeling the heart motion) for real pulsatile inlet mass flow was investigated numerically.
They concluded that the arterial wall motion affects the WSS and the plaque formation site. For that, the
researchers studied the WSS profiles and in both degrees of stenosis, the maximum WSS (center of the

artery) increases with the degree of stenosis.

It can be seen that the articles mentioned above [46,50,215,216] are in agreement concerning the results

obtained for WSS and post-stenotic flow behavior.
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A different way to study the effect of stenosis in blood flow hemodynamics was addressed by Doutel et
al. [11]. They developed a methodology to create three-dimensional irregular stenosis with different
degrees of occlusion in artery models for numerical and /n vitro hemodynamic studies. This process is
based on the identification of areas with low WSS, because these are the locations prone to the
development of atherosclerosis. This method allows a rapid hemodynamic comparison between healthy
and a stenotic case for a given artery geometry, which is useful for researchers to perform computational
studies of blood flow in stenotic vessels. Applying this methodology, the authors in another investigation
[35], evaluated the influence of non-planarity through patient-specific LCA models that deviate from its

original geometry in their planarity.

Besides the effect of stenosis, several studies have emphasized the importance of the non-Newtonian
behavior of blood. An interesting study was undertaken by Razavi et al. [209] aiming to compare six Non-
Newtonian models and a Newtonian model. The authors used axisymmetric stenotic models and
evaluated parameters such as WSS, velocity, and non-Newtonian effects, through an unsteady flow
condition. The results showed that the power-law model produces higher deviations, in terms of velocity
and wall shear stress in comparison with other models, overstating Non-Newtonian behavior. The
generalized power-law and modified-Casson models are more prone to Newtonian state, however, they
underestimate non-Newtonian behavior. In contrast to previous models, Carreau and Carreau-Yasuda
represented moderate 1G values (cut-off value above which flow can be assumed as non-Newtonian)
proving to be the suitable models to mimic the blood. Besides that, the authors verified that the increasing
stenosis intensity causes flow patterns more disturbed downstream of the stenosis, and WSS increases

significantly at the stenosis throat, which is in agreement with the previous studies.

Despite most investigations consider the blood flow as laminar, the presence of the stenosis, curvature
effects and the pulsatile nature of the blood flow through arteries, can cause the transition from laminar
to turbulent flow condition, even at much lower Re numbers. For this reason, some authors have been
used turbulent models in computational simulations. Mahalingam et al. [216] utilized the Shear-stress
transport (SST) k-w model to study the turbulent transition during pulsatile flow through coronary arteries
for different degrees of stenosis and analyzed quantitatively. They demonstrated that the transition to
turbulence starts occurring above 50% stenosis, but affects significantly the hemodynamic parameters

like WSS and oscillatory shear index (OSI) for stenosis above 70%.

The prior studies assumed the wall to be rigid, however, in recent years, fluid-structure interaction (FSI)

(an approach that can simultaneously model blood flow and arterial wall deformations) has received
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increasing interest due to its potential impact in the medical field. One of the most cited works in this
area was performed by Torii et al [217] wherein the effects of compliance in WSS calculations were
studied. For that, they compared a rigid and compliant wall for a stenotic right coronary artery, considering
the physiological velocity and pressure waveforms. Recently, Ahmadi and his team [21] modeled a
stenotic artery and studied the dynamic behavior of the atherosclerosis phenomenon through FSI. More
considerations were taken comparing to Torii et al, since they also studied the influence of plaque angle,

percentage of stenosis, non-Newtonian properties of the blood flow, and hyperelastic artery models.

Taking into account the variety of studies in the literature, some considerations taken in numerical studies

of stenotic coronary arteries are summarized in Table 7.

Table 7. Numerical studies of hemodynamics and the respective assumptions for numerical simulations.

Modelin Boundary conditions
Geometry & Fluid i Authors
approaches Wall Inlet Outlet
Spiral
bound
Non- oun. gry The default
. L condition _ _
\dealized k-w turbulent Newtonian Rigid (No with a setting for Kabir et al.
model (Carreau slip wall) _ the gauge [54]
parabolic
model) ) pressure
velocity
profile
Non- Time- Time-
\dealized k-w turbulent Newtonian Rigid (No  dependent dependent  Mahalingam
iz
model (SST) (Carreau slip wall) flowrate pressure et al.[216]
model) profile profile
Rigid (N
_gl (No Constant Constant
Non- slip wall) ) )
. ) ) velocity pressure Mulani et
Idealized Laminar Newtonian and _
, inlet (45 outlet al.[22]
(Cross model) Flexible m/s) (10KPa)
wall (FSI)
The time-
» Zero L
) ) ) Rigid (No  dependent Biglarian et al.
Idealized Laminar Newtonian _ surface
slip wall) mass flow , [215]
) tension
profile
_ Time- Time-
No-slip wall dependent  dependent
Idealized Laminar Newtonian and elastic P P Wu et al.[210]
flowrate pressure
nature ) )
profile profile
Non- Time- Time-
Patient- Laminar Newtonian Rigid (No  dependent dependent Chaichana et
specific (Generalized slip wall) flowrate pressure al.[47]
power law) profile profile
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and Newtonian

Non- Time- Time-
Patient- , Newtonian Rigid (No  dependent dependent _
- Laminar ) ] Liu et al.[55]
specific (Carreau slip wall) velocity pressure
model) profile profile
Rigid (No Flow
slip wall Parabolic artition
Patient- , , p wall , .p o Siogkas et
. Laminar Newtonian and velocity implied in
specific , _ al.[218]
Flexible profile Murray’s
wall (FSI) law
Rigid (No
S||.g| V\/(all) Time- Time-
[
Patient- _ _ P dependent  dependent Torii et
- Laminar Newtonian and )
specific Flexible velocity pressure al.[217]
fil fil
wall (FSI) profile profile
Non- . ,
Newtonian Time- Time-
Patient- , Rigid (No  dependent dependent Gaudio et
. Laminar (Carreau- _ .
specific slip Wall) velocity pressure al.[50]

Yasuda) and

rofile rofile
Newtonian P P

Considering the diversity of studies performed in stenotic coronary arteries, in the present dissertation
the effects of the degree of stenosis on blood flow are evaluated, assuming the wall as rigid. Furthermore,
taking into account the conclusions of Razavi et al. [209], the Carreau model was applied to compare the

influence of the Non-Newtonian model on blood flow in stenotic arteries. Additionally, the SST k- w model

was studied since it was the most found in the literature to model blood flow under turbulent conditions.

5.2. Computational Fluid Dynamics (CFD)

CFD is an extremely powerful techniqgue commonly used by engineers, which allows the analysis of
systems involving heat transfer, fluid flow, and associated phenomena such as chemical reactions
through computer-based simulation [219,220]. In the last decades, CFD investigations have been
increasingly used in biomedical research of CAD because of its high-performance hardware and software.
It can be employed as a research tool to better and deeply understand the physical nature of blood flow,
providing valuable hemodynamics results, useful in the clinical assessment [8,9,220]. For instance, it
allows evaluating blood flow along the cardiac cycle with various physiological conditions, and estimating

induced vessel wall stresses [31].
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There are several advantages of CFD over experiment-based approaches, like the substantial reduction
of lead times and costs of new designs and developments, the ability to study systems where controlled
experiments are difficult to accomplish because of hazardous conditions and almost unlimited level of
detail of results [220-222]. Despite the advantages presented, numerical computations surely will never

completely replace experimental studies.

A CFD code encompasses three main steps: pre-processing, solving, and post-processing [223] (Figure

26).

o Geometry definition

* Mesh generation

» Definition of the physical properties of the
model and boundary conditions

|

+ Selection of the appropriate solution
Main steps method

CFD o Check the convergence criteria
o Check the simulation stability

l

« Data extrapolation and evaluation

Figure 26. Main steps involved in CFD simulations.

The initial point of any numerical method is the description of the mathematical model, /e. the definition
of the differential equations, and the implementation of the boundary conditions and other parameters
that need to be modeled (geometry, mesh generation, fluid properties, among others). After that, it is
necessary to choose a suitable discretization method to convert the governing partial differential equations
to a system of algebraic equations. To obtain approximate solutions to these equations, numerical
methods have been used, of which, the most popular are finite difference, finite volume, and finite element
methods. In this work, only the Finite Volume Method (FVM) is implemented in the CFD code of the
software used. Despite the difference between these methods, the basis of the solver is to perform an
approximation of unknown flow variables employing simple functions, discretize by substitution those
approximations into the governing flow, and obtain an algebraic solution [220,223,224]. After the solution
be determined, in the post-processing the user can visualize the computational results, such as velocity

vectors, streamlines, and WSS contour plots [9].
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5.2.1. Governing Equations of Fluid Flow

The mathematical governing equations which describe the laws of fluid mechanics are the continuity
equations of mass and momentum (Navier-Stokes). These are mathematical statements of two

fundamental physical principles upon which all of fluid dynamics is based [14,31]:

e The conservation of mass.
e The conservation of momentum (Newton’s second law, the rate of change of momentum equals
the sum of forces acting on the fluid).
For a three-dimensional, homogeneous, laminar flow and incompressible fluid, the governing equations,

in the differential form, are summarized in Equation 6 and 7:

Continuity
V-u=0 (©)
Momentum
ou - .
p(a+u-l7)=—\7p+,u\72u )

Where u is the velocity vector, tis the time, p is the static pressure, p is the fluid density and p the

dynamic viscosity.

5.2.2. Turbulence Models

In the laminar regime, flows are completely described by the continuity and momentum equations.
Nevertheless, in a stenotic artery, small disturbances within the fluid of laminar flow can eventually lead
to a chaotic and random state of motion, which is a condition of turbulence [9]. To capture the turbulent
fluctuations in the flow field, turbulence models involve additional equations or modifications to the

governing equations.

One of the difficulties associated with modeling turbulent flow in CFD, concerns the selection of the most
suitable turbulence model, not only because of the many variations that may appear for each model, but
also because it depends on the problem considered, like the physics of the flow, the level of precision
required, the existing computational resources, the amount of time available for the simulation, among
others [56,225]. The Reynolds Averaged Navier-Stokes (RANS) models offer the most economic

approach for computing complex turbulent flows and the computing resources required for reasonably
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accurate flow computations are modest, so this approach has been the most used in engineering flow
calculations in the last decades [56,220]. This produces a set of time-averaged equations with the

turbulent features encapsulated by a new term called the Reynolds stress [9]. Each model has its

strengths and weaknesses and range in complexity, which are summarized in Table 8.

Table 8. Summary of common RANS turbulence models.

Turbulence
Notes Advantages Disadvantages
model
Relatively simple;
y simp Bad for large separation,
Good performance for ] _
decaying turbulence and is
wall-bounded flows, flows _
Spallart , , , not well calibrated for free
) with mild separation and
Almaras One-equation model. ) , shear flows;
recirculation and for .
, Lacks sensitivity to transport
boundary layers with _ _
processes in rapidly
adverse pressure ,
, changing flows.
gradients.
Insensitivity to adverse
, Robustness; )
Two-equation model, , pressure gradients and
Economic; .
one for k and € each; boundary layer separation;
k-€ Reasonable accuracy for a o o
Assumes fully , Poor predictions for swirling
. wide range of turbulent ,
turbulent fluid flow. and rotating flows; flows
flows and stable , )
, driven by anisotropy of
calculations.
normal Reynolds stresses.
The w equation can be
integrated without
addltllonal terms through Relatively strong sensitivity
. the viscous sublayer; . .
ko Two-equation model, Better | dicti of the solution depending
one for k and w de ST PIECICANE dient on the freestream values of
each. adverse pressure gradien k and w outside the shear
boundary layer flows and
, layer.
separation;
More accurate turbulent
profile near the wall.
SST K The SST - k-w model is a transformation of the k- € model into a k— w model in
-w
the near-wall region with the k- € model in the fully turbulent region in the far-
field.
. Four-equation model. | The great advantage of the | Additional mesh refinement
Transition- . , ,
SST It couples the SST k- | SST model is its iS necessary, in order to

w transport
equations with two

robustness and ease of
use.
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other transport
equations, one for
the intermittency and
one for the transition
onset criteria.

Seven additional

equations, one each | Predicts accurately Relatively complex:

for the six more complex flows, ,
. _ ) High cost of the
independent accounting for streamline .
RES ) computations due to
Reynolds curvature, strong swirl, - ]
_ _ additional equations and
stresses, and one rotation, and separation.
reduced convergence.
turbulent
dissipation.

Within arteries, the k-w turbulence model is currently preferred for turbulent flow CFD simulations and it
seems to provide more accurate results than other turbulence models [225]. To obtain near-wall results,
all k-€ turbulence models use wall functions and they were found to be inadequate for blood flow problems
[225,226]. In concrete, the SST k-w model has been used for several authors in stenotic coronary arteries
and they concluded that it is the best-suited RANS turbulence model to capture the transition, if any, to
turbulent state [216,226]. As showed in Table 8, the SST k-w model is based on both the standard k-w
model and the standard k-€ model. To combine these two models, the standard k-€ model has been
transformed into equations based on k (turbulence kinetic energy) and w (specific dissipation rate),
which leads to the introduction of a cross-diffusion term (D,,). The k and w, are obtained from the

following transport equations (Equation 8 and 9):

0 o)+ 2 o) = 2 (1 2 4 6, — v 45 g
0 (00) + (o) = (10 22) 4 G — ¥ + Dy + S
ot pw axi pwu;) = axj Ty an w w w w (9)

In these equations, Gy represents the generation of turbulence kinetic energy due to mean velocity

gradients, G, represents the generation of w. r,, and ry represent the effective diffusivity of k and w,
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respectively. Y, and Y,, represent the dissipation of k and w due to turbulence. Finally, Sy and S, are

user-defined source terms [56].

5.2.3. Discretization Methods

The FVM method is a numerical technique that, as a starting point uses the integral form of the
conservation equations. In general, this method involves several steps: the decomposition of the problem
domain into control volumes (grid generation); formulation of integral balance equations for each control

volume (discretization), and solution of the discrete algebraic system [220,222,224].

The first step consists in the division of the solution domain into a finite number of control volumes (CV),
and the conservation equations are applied to each CV. The boundaries (or faces) of the CV are located
mid-way between adjacent nodes. Figure 27 presents part of a 2D mesh used to subdivide the domain,

in which the usual notation for identifying each node, faces, and neighboring elements can be observed.

P 6XWP | 5XPE — |

5XWP 5XPe ‘

w w P e E
AX= 0Xs

Figure 27. Typical control volume and nomenclature used for equation discretization. Adapted from
[220].

A general nodal point is identified by Pand its neighbors, in a one-dimensional geometry, are identified
by W (west) and £ (east). The next step is the discretization, consisting in the integration of the governing
equations over each control volume to yield a discretized equation at its nodal point 2. After the equations
are discretized, a set of algebraic equations for each CV is obtained, linking the value of the variable at
an element to the values at its neighbors. The algebraic equations are then assembled into global matrices
and the resulting system can be then solved by an iterative method. These iterative methods are based
on the repeated application of an algorithm, which leads to the convergence of the system of algebraic

equations [9,220,222].

Moreover, the FVM method is strictly conservative, since the flux which enters in a given volume is equal
to that leaving the adjacent volume. Another advantage of this method is the ease implementation of a
variety of boundary conditions (BC) in a noninvasive way since the unknown variables are evaluated at
the centroids of the volume elements, not at their boundary faces. Besides that, this approach can
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accommodate any type of grid, so it is suitable for complex geometries and it is possibly the simplest to
understand and to program. These properties of the FVM make it the preferred method in CFD and

suitable for the numerical simulation of a variety of applications involving fluid flow [219,224].

5.2.4. Solution Algorithm

Since the discretized equations are non-linear, an iteration scheme is used to solve them. ANSYS
FLUENT® provides different pressure-based algorithms that employ a similar discretization process, but
the approach used to linearize and solve them is different. These can be separated into a segregated
algorithm and a coupled algorithm. In the segregated algorithm (SIMPLE - Semi-Implicit Method for
Pressure-Linked Equations, SIMPLEC - Semi-Implicit Method for Pressure Linked Equations-Consistent,
and PISO - Pressure-Implicit with Splitting of Operators), the governing equations are solved sequentially,
segregated from one another. In the coupled algorithm, the momentum equations and the pressure-
based continuity equation are solved in a coupled manner. Generally, SIMPLE or SIMPLEC are used for
steady-state calculations, while PISO is recommended for transient calculations or calculations on meshes

with high skewness. The Coupled algorithm enables full pressure-velocity coupling [56,224].

In the present study, the SIMPLE algorithm was used. In this algorithm, the velocity field is obtained from
momentum equations and the pressure field is obtained by solving a pressure correction equation. The
solution is found iteratively by generating pressure and velocity fields that successively satisfy the
momentum and continuity equations while approaching the final solution at every iteration [219,220].
The solving process is iterative until the solution converges, which happens when the difference between

two successive iterations is less than the selected value [219].

It should be noticed that in some cases the solution did not converge with the SIMPLE algorithm and so
the Coupled method was used, since this improves significantly the convergence over the segregated

algorithm [56].

5.2.5. Mesh

A mesh can be regarded as a number of elements or grid cells that involve the entire geometric domain
and result from the discretization of the original geometry into a set of subdomains, called control volumes
[9,219]. However, the purpose of constructing a mesh is not a simple question of creating a mesh of the
domain of interest, but to obtain a good quality mesh, and most of the time spent is devoted to this

process. This is an extremely important step, because the mesh quality plays a significant role in the
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accuracy and stability of the numerical computation, which consequently is reflected in the results

[56,223,227].

The larger the number of grid cells, the better the solution accuracy. In other words, the finer the mesh,
the better the accuracy of a CFD simulation [220,223]. The accuracy of a solution and the required time
for computational problem solving is dependent on grid fineness. A highly refined mesh may give very

accurate results, however, its simulation time may be unreasonable [223].

Regardless of the type of mesh used, it is necessary to analyze the quality of the cell, because also has
a significant impact on the accuracy of the numerical solution. This includes its aspect ratio, orthogonal
quality, and skewness, however, in the present study only the last two were evaluated, since these are

considered the most important.

Skewness is defined as the difference between the shape of the cell and the shape of an equilateral cell
of equivalent volume, i.e this criterion evaluates the geometric perfection of an element (Figure 28). Cells
with high skewness can compromise and decrease the accuracy of the computational results, or lead to
numerical instabilities. For quadrilateral cells, the mesh lines should be at an angle 8 of approximately
90° (orthogonal). Whereas, triangular meshes should have angles close to 60° and inferior to 90°. It is
suggested that the maximum skewness for a triangular/tetrahedral mesh be kept below 0.95, with an
average value significantly lower. With a maximum value above 0.95, the convergence can be difficult

and may require changing the solver controls [9,56].
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Figure 28. An example of (a) a highly skewed triangular cell, and (b) a quadrilateral cell. Adapted from
[9.
Another important indicator of mesh quality is the orthogonal quality and also varies between 0 and 1.
The worst cells will have an orthogonal quality closer to O and the best cells will have an orthogonal quality
closer to 1 (perfect orthogonal element). The minimum orthogonal quality should be higher than 0.01,

with an average value that is significantly higher [56].
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In addition to the mesh quality, mesh independence studies should be carried out to assure a compromise
between accuracy and computational resources. For that, flow results are checked using different
refinement meshes, and the mesh is considered adequate when the results are almost unchanged with

the decreasing of the cell size and are only a consequence of the simulation conditions.
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Chapter 6

Case of Study

This chapter presents the case of study, indicating the geometry dimensions, the meshes developed for
each model, the boundary conditions applied to solve the problem under study, and the printing

parameters used to fabricate the physical biomodels.

6.1. Geometry

The first step required to study blood flow has consisted in the acquisition of the three-dimensional
geometry of the coronary arteries’ lumen. In this work, the geometry was built based on a 2017 study
[228] of the coronary artery diameter in 167 adult patients through a coronary angiography, where an
average value of 2.9 mm was obtained. After the diameter selection, the geometric configurations of
coronary lesions were defined. Coronary lesions can be morphologically classified as concentric or
epicardial stenosis, eccentric stenosis, and multiple irregularities. The first one is an axisymmetric
narrowing of a coronary artery. In other words, a concentric stenosis means equal deposition of plaque
on both walls. The second one, is an asymmetric narrowing of a coronary artery, with a preferential
deposition of the plague on the outer wall. In the third case, three or more successive and severe closely
spaced blocks are found in a coronary artery [128,229]. Given the higher prevalence of concentric

stenosis in humans, this will be the stenotic geometry addressed in this work.

Considering the characteristics mentioned above, two different geometries were developed and from now
on, these will be designated as Model 1 (developed at University of Minho) and Model 2 (developed by

Biofabics'). Both models are represented in Figure 29.

16 Bjofabics, is an R&D company specialized in the generation and culture of 3D Biotissue
analogues, who collaborated in this work, having provided in vitro stenotic biomodels.
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Figure 29. Dimensions of the stenotic model with a diameter reduction of 70%. (a) Model 1, (b) Model
2.

(b)

23 mm

It can be observed that the Model 2 has a smaller length and the diameter is assumed as 3 mm. This is
due to the limit imposed by the SLA printer of Biofabics and their online platform which only allows
introducing whole numbers. Besides that, the main difference between these two models lies in the
stenosis geometry. While Model 2 has an ellipsoid stenosis with unrealistic pointed zones, Model 1 has a
smoother transition when the diameter reduces, which is more closer to reality. For both models, the
stenosis length was defined as twice the normal diameter, an assumption applied by several researchers
[54,230-232]. In addition, the length of the inlet zone for both models was selected to ensure the creation

of a fully developed inlet flow.

Another aspect that should be highlighted, is the degree of stenosis. This is referred to as the percent
occlusion either by diameter or area. However, only some authors [64,120] consider the area reduction
instead of diameter reduction. In this regard, since most medical books and authors
[35,95,120,233,234] refer to the diameter reduction as the preponderant factor, this was used in the

present study and the degree of stenosis is given by Equation 10:

d .
Stenosis (%) = (1 - M) x 100 (10)

straight

According to the diameter reduction, these lesions can be defined as minimal (50%), moderate (between
50% and 70%), and severe or significant (70% or more) [234]. For this study, the percentages selected
were based on the vast analysis of the literature, and it was concluded that only a reduction of 50% or
more in the artery diameter compromises blood flow. Inferior to this no surgical intervention is required
[120]. For this reason, 0%, 50%, 60%, 70%, and 80% of stenosis were considered. The selection of this
set of models was also to ensure the capture of changes in flow behavior when the severity of stenosis

increases.
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6.2. Mesh Optimization

For the present numerical study, geometries were constructed in Ansys software and two different types
of meshes were created for each geometry. For Model 1, a hexahedral mesh was created, combining the
“sweep” method and the “edge sizing” tool with a bias factor. The sweeping method consists in using an
initially meshed face (source) and sweeps that source through a path to a target face. The “edge sizing”
was used to refine the mesh in the areas of interest, until an acceptable skewness was reached. The bias
factor was applied to ensure the accuracy of computational calculations near the wall. The same process
was applied to the remaining stenotic models, and the number of cells and medium skewness and

orthogonal quality are presented in Table 9.

Table 9. Mesh characteristics of each degree of stenosis for Model 1.

Without 50% 60% 70% 80%
stenosis
Number of 112,500 315,900 496,000 510,720 403,200
elements
Skewness 0.109 9.4346-02 0.107 9.4669¢-002 0.189
Orthogonal 0.974 0.981 0.973 0.9783 0.950
quality

To assure a mesh independent solution, grid tests were made in the 70% stenosis model, by refining the
mesh and rerunning the simulations until no significant differences were observed. Table 10 shows the
characteristics of the meshes built for this study. For each mesh, the maximum velocity was calculated,
and the results are represented in Figure 30. It can be concluded that for meshes with more than 500000
elements, the results are independent of the mesh. Since the differences are minimal between the results
of mesh 3 and 4, and taking into account the computational time, mesh 3 was selected (Figure 31).

Similar meshes were created for the remaining models.

Table 10. Characteristics of the different meshes generated for Model 1 with 70% of stenosis.

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

Number of elements 60,800 329,550 510,720 752,000 1,140,000
Skewness 0.1380 0.1058 | 9.4669e-002 | 8.3534e-002 | 7.6122e-002

Orthogonal quality 0.9689 0.9759 0,9783 0.97917 0.9790
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Figure 30.Variation of the velocity magnitude with mesh refinement for Model 1 with 70% of stenosis.

(@) (b)
Figure 31.Computational mesh selected for Model 1 with 70% of stenosis, (a) at the entrance, and (b)
along the model.

For Model 2, the meshes constructed were more complex. These consisted of tetrahedral cells with
inflation layers in the stenosis zone, and hexahedral cells with a bias factor in the remaining geometry.
The characteristics of the various meshes are represented in Table 11. Similarly to the previous models,
the inflation and bias factor were applied, in order to improve the accuracy of the computed WSS.
Performing the same process as before, a mesh convergence study for 70% stenosis case was done and
five different meshes were created (Table 12). According to the results (Figure 32), the mesh that

combines accuracy and lower computation time for the 70% stenosis case is mesh 4 (Figure 33).

It should be noticed that to refine the mesh in the interest zones, both geometries were divided into

different bodies.
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Table 11. Mesh characteristics of each degree of stenosis for Model 2.

Without 50% 60% 70% 80%
stenosis
Numberof | .3700 | 498697 | 469593 = 498974 | 468,717
elements
Skewness 0.124 0.1492 0.146 0.1457 0.135
Orthogonal | o) 0.878 0.883 0.8952 | 0.8899
quality

Table 12. Characteristics of the different meshes generated for Model 2 with 70% of stenosis.

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
Number of 71,750 136,410 413,514 498,974 843,167
elements
Skewness 0.1827 0.1527 0.1557 0.1457 0.1261
Orthogonal 0.8878 0.9113 0.8816 0.8952 0.9183
quality
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Figure 32.Variation of the velocity magnitude with mesh refinement for Model 2.
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(@) (b)
Figure 33.Computational mesh selected for Model 2 with 70% of stenosis, (a) at the entrance, and (b)
along the model.

6.3. Boundary Conditions

To carry out the numerical simulations, it was necessary to define the boundary conditions, which are a
set of additional constraints to the problem on specified boundaries. Firstly, the blood was assumed as a
Newtonian fluid to compare with the experimental data and a stationary inlet flow was applied. At the
walls, a no-slip BC was imposed, which indicates that the fluid adheres to the walls, and it assumes the
velocity of the wall. As in this case, the arterial wall was assumed to be rigid and motionless, this condition
induces a zero velocity next to the wall [56]. At the outlet, the gauge pressure was set to zero and there

was no backflow.

When the blood was considered as Newtonian, the blood density was assumed to be equal to
1072.033 kg/m3, and a constant viscosity of 0.00345 kg/m -s. Similar properties had been
applied by other authors [35,103]. Combined with these assumptions, an inlet flow rate constant and

equal to 5 ml/min was defined.

For transient simulations, the blood was assumed as a non-Newtonian fluid and a realistic physiological
inlet velocity profile was applied. The mean inlet velocity (V;,,) of the cardiac cycle is defined as follows in

Equation 11:

B

Vn(t) =

Q

5
{ao + Z[aicos(iwt) + b;sin(iwt) | (11)
0 o

=1

Where V,,, is the average velocity of a complete cycle (0.18 m/s), £ is the time, w the angular frequency
of the cardiac cycle, and a; and b; are parameters of the fitting model and they were obtained from

Doutel et al. [35] for left coronary arteries (Table 13). A constant time step of 0.001 seconds and a
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residual target of 10~3 were considered. In FLUENT, this inlet condition was applied to the inlet of the

artery by creating a user-defined function (UDF). This reflects the pulsatile nature of the human cardiac

cycle (approximately 0.714 s), with the two distinct phases, systole and diastole, marked with a red dot

(Figure 34).
Table 13. Pulsatile model parameters.

Parameters Values Parameters Values
ap 0.1308 b, -0.04866
a; 0.05282 b, -0.0104
a, -0.00909 b3 0.002598
as -0.02733 b, 0.02111
a, 0.02509 bs -0.01372
as -0.00268 w 8.483

Diastole Systole Diastole
< Pt P¢————————————
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Zoa |
203 |
=
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=
(=]
501
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Figure 34.Coronary pulsatile velocity applied for computational fluid dynamic simulation at the coronary

artery.

As previously mentioned, for the pulsatile non-Newtonian blood flow simulations, the selected model was

the Carreau, since it is considered the most adequate to perform these simulations. The values of the

respective parameters are represented in Table 14.
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Table 14. Parameters values of the Carreau model, for blood [35,54,55].

Parameters | Value

n 0.3568
A(s) 3.313
U (Pars) | 0.00345
o (Pas) | 0.0560

6.4. 3D Printed Biomodels

After the geometry construction of the coronary arteries on Ansys, the models were converted in
stereolithography (.STL) format file. The next step was to print a negative mold of the lumen geometry,
which was obtained using an SLA printer (FabPro 1000 3D System) using a ProtoGry resin, and an FDM
printer (Ultimaker 2+). Some characteristics of each printer are presented in Table 15.

Table 15. Overall characteristics of the Ultimaker 2+ and FabPro 1000 printers.

Ultimaker 2+ FabPro 1000 3D System
Printer type FDM SLA
Time per model Low (minutes) High (hours)
Machine Cost (€) 2,368 4,485
Resolution Low High
Material cost (€/kg) =20 179
Mechanical properties Low-High Medium
Available materials Thermoplastics Photocurable resins

Initially, the FDM printer, whose manufacturing process is shown in Figure 35, was used with two different
materials (PLA and ABS), aiming to compare and investigate if the differences between them influence
significatively the results. PLA is biocompatible, biodegradable, it has low shrinkage and good printability.
When compared to PLA, ABS has higher flexural strength, excellent ductility, and thermal stability.
However, these features are not so important for the purpose concerned, since only a mold was
manufactured [185,186,235,236]. Other characteristics of ABS and PLA filaments are represented in

Table 16. The characteristics of the ProtoGry resin used in the SLA printer, are also presented.
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Figure 35. Schematic process carried out to obtain the final 3D object.

Table 16. Principal properties of the three different printable materials.

ABS PLA ProtoGry resin

Environmentally friendly No Yes No
Degradability No Yes No
Glass Transition

105°C 65°C -
Temperature
Surface quality Poor Good Very good
Cost (€/kg) 19.90 19.90 180.3
Melting Point — (amorphous) 173 °C 177°C

To change the sample and 3D printing parameters in the FDM printer, the CURA software was used,

designed by Ultimaker. Despite the several parameters in printing settings, only the most relevant are

addressed in Table 17.
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Table 17. Printing parameters applied for each material.

Material
PLA ABS PLA ABS
Nozzle diameter (mm) 0.4 0.4 0.25 0.25
Layer height (mm) 0.06 0.06 0.06 0.06
Print speed (mm/s) 50 45 30 30
Filament diameter (mm) 2.85 2.85 2.85 2.85
Infill (%) 22 22 22 22
Support material None None None None
Nozzle temperature (°C) 200 230 200 230
Build plate adhesion type Skirt Brim Skirt Brim
Build plate temperature (°C) 60 80 60 80
Time per model (min) 16 23 32 37

Regarding the nozzle diameter, Ultimaker 2+ is capable of working with different nozzles sizes: 0.25, 0.4,
0.6, and 0.8 mm. Firstly the 0.4 mm nozzle was used, which is the most common and then the same
process was done with the 0.25 mm nozzle. Although the 0.25mm nozzle worked perfectly with the PLA
filament, the same was not true when using ABS. The nozzle constantly clogged, and the repair process

was time-consuming. For this reason, for this nozzle diameter, only the PLA was used.

The other parameter studied was the build plate adhesion type, which can be brim or skirt. The first one
adds a single layer flat area around the base of the model which is attached to it, making the bottom
surface area bigger. Thus, the model is better stuck to the build plate and there is less probability to the
corners curl up. The second one is a line, not connected to the object, printed around it on the first
layer. Thus, to understand the influence of this parameter, preliminary tests were made to conclude,
which one build plate adhesion type, brim or skirt, allows better results. After the PLA printed models
were obtained, it was observed that the removal process was significatively easier when using the skirt
mode. Also, the finishing was better. For this reason, the remaining models were printed using this
method. In turn, when using the ABS filament, the better results were obtained using the brim mode.
Using the ABS filament with a skirt mode, the first layer does not stick well enough and starts warping,
which is due to the material properties. The ABS has a high melting point and the tendency to shrink
when cooling down fast is higher [183,237].
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Another extremely important parameter, when printing, is the humidity of the air. This changes the proper
functioning of the 3D printer. Consequently, many models were discarded, because the filament starts to

fail, mainly when using the ABS filament.

Comparing the final products, it can be seen clearly that the PLA (Figure 36 (b)) samples tend to be
shinier and smoother than ABS (Figure 36 (a)). However, when both thermoplastics are compared to the
model printed with the ProtoGry resin (Figure 36 (c)), it is clearly seen that the latest model exhibits

minimum surface roughness.
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(b) ¢ ‘ T ——

©) &

Figure 36.Biomodels printed using (a) ABS; (b) PLA and (c) ProtoGry resin.

Although this initial study was carried out and the PDMS casting technique was applied (Appendix A), it
was not possible to perform detailed experimental tests on these models, due to some difficulties faced
during preliminary tests. Firstly, both models printed with PLA and ABS showed very poor visualization
results. The model that provided excellent results was the one obtained through stereolithography.
However, some difficulties were found in the PDMS curing process and when tested experimentally, the

blood analogue made the channel tarnished, making it impossible to carry out further tests.

For those reasons, all the experimental tests were performed in the Biofabics models. These were
manufactured using stereolithography, however, the channel is automatically printed on a transparent
rigid material (Figure 37).

DIUA

3D BIOTISSUE ANALOGUES

Figure 37.Stenotic model fabricated by Biofabics.
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Chapter 7

Hemodynamic Studies in Coronary Artery Models
Manufactured by 3D Printing”

Abstract

Atherosclerosis is one of the leading causes of death worldwide. It is a chronic inflammatory disease of
the arterial wall that progressively reduces the lumen size because of plaque formation. To understand
this pathological process, several hemodynamic studies have been carried out, either experimentally or
numerically. However, experimental studies have played an important role to validate numerical results.
Recent advances in computer-aided design, medical imaging, and 3D printing technologies have provided
a rapid and cost-efficient method to produce physical biomodels for flow visualization. As a manufacturing
process, 3D printing techniques have attracted significant attention due to the low cost and potential to

rapidly fabricate biomodels to perform flow hemodynamic studies.

In the present work, a study was performed using biomodels manufactured by 3D printing that mimic
both healthy and stenotic coronary arteries with different degrees of stenosis (0%, 50% and 70%). Firstly,
it was evaluated the influence of the printing resolution on flow visualization, and the results showed that,
when comparing to 150 um, the 100 pum resolution biomodel was the most adequate for performing the
proposed experimental studies, presenting an arithmetic average roughness of 7.24 um. Secondly, the
effect of stenosis severity on velocity and flow behavior was studied. It was concluded that as the severity
of stenosis increases, the velocity at the stenosis throat also increases. In addition to this, it was also

observed a recirculation zone downstream the stenosis, when the diameter was reduced to 70%.

Keywords: atherosclerosis, hemodynamic, 3D printing, /7 vitro, biomodels, print resolution.

17 Carvalho, V., Ribeiro,R., Costa, P., Teixeira, S., Lima, R., 2020. Hemodynamic studies in
coronary artery models manufactured by 3D printing, International Conference Innovation in
Engineering (ICIE), 2021, Guimaraes, Portugal.
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7.1. Introduction

Cardiovascular diseases (CVDs) remain the biggest cause of death worldwide, responsible for over 17.3
million deaths per year and the underlying disease process is known as atherosclerosis [30]. This is a
complex disease characterized by fatty material deposition in the inner most layer of the arterial wall.
These deposits cause the lumen to become narrow, affecting the blood flow behavior [30]. Given its
significant negative socioeconomic impact, atherosclerosis has been intensively studied in the last
decades. /nn vivo studies are of capital importance as they allow a direct observation of the physiological
phenomena. However, these are expensive, it is hard to control and obtain detailed measurements of the
flow behavior and sometimes the selected animal model does not completely represent the disease

condition [78,96,238].

With recent advancements on microscopy, computational power and software, image analysis
techniques, and additive manufacturing techniques, experimental flow studies have gained widespread
attention [62,75,78,82,162,239]. In particular, 3D printing technologies have become an effective tool
for rapidly producing artery phantoms with high-fidelity at low cost [162,240]. In the past few years, many
researchers used these technologies to manufacture arterial biomodels, namely by means of inkjet-based
printing [115], Fused Deposition Modelling (FDM) [78,112], Poly Jet [95], Binder jetting [112,121], Inkjet
printing [121] and stereolithography (SLA) [96,103]. For instance, Geoghegan et al [121], used two
different 3D printing technologies (Binder Jetting and InkJet) to manufacture rigid and flexible stenotic
phantoms. In a study conducted by Doutel et al. [103], secondary flows were studied using 3D printed
coronary artery biomodels by SLA technology. By using the same additive manufacturing technique, Costa
et al.[96], studied arterial thrombosis in stenosed and healthy coronary arteries, employing biomodels
fully printed with inlets, outlets and a box-like container. In another perspective, Lai et al. [241] combined
SLA with a compliant photopolymer to produce vessel-like structures. Recently, Stepniak et al. [118]
produced coronary biomodels with three different technologies (FDM, SLA and PolyJet) and concluded
that SLA and Polyjet techniques are appropriate to manufacture arterial phantoms. As observed, SLA is
a suitable technique for phantom production, particularly, due to its high resolution, which allows to obtain
extremely smooth surfaces. In this technology, the models are manufactured layer-by-layer from a

photocurable liquid resin and cured by exposure to light [108].

Despite extensive research work in this field, there is still a lack of knowledge regarding the influence of
printing parameters in flow visualization and measurement. In this study, it was performed an

experimental study that shows how the printing resolution can affect flow visualization. Moreover, the
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hemodynamic effects of atherosclerosis were studied, using both healthy and stenctic idealized coronary

arteries.

7.2. Materials and Methods
7.2.1. Coronary Artery 3D Biomodels Design and Fabrication

The geometry employed in this study is a simplification of a 3D model of a coronary artery, although
based on real data [228]. The online platform BIOFABICS TOOLBOX (www.biofabics-toolbox.com) was
used to automatically generate the studied geometries, by employing its design tool number 3. The
biomodels were custom-designed with a 24-well plate layout, 50 mm total channel length, 3 mm channel
1 diameter, 3 mm channel 2 diameter, 6 mm stenosis length, 0.5 mm base thickness, and a total device
height of 4.5 mm (Figure 38). To capture the changes in flow behavior, the degrees of stenosis selected
were 0%, 50%, and 70%. The first one represents the healthy case. On the other hand, the 50% model
represents a moderate stenotic condition, while 70% represents the most severe case. After defining all
parameters, the 3D biomodels were custom-manufactured (Biofabics, Porto, Portugal) at 100 um and

150 pum resolutions.
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Figure 38.Dimensions of 50% stenosis model.

7.2.2. Experimental Setup for Roughness Measurements and Flow
Characterization

Roughness measurements were performed in order to understand the influence of printing resolution in
the flow visualizations. To evaluate the roughness of the biomodels, a surface profiler (Dektak® 150,
Veeco) was used which is represented in Figure 39. Due to the difficulty of performing these
measurements on circular surfaces, it was decided to print 3D cubes with the various resolutions

employed.
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Figure 39.Experimental setup for roughness measurements.

For the flow visualization, all experiments were conducted by using a high-speed video microscopy system
(Figure 40). The main equipment of this system consists of an inverted microscope (IX71, OLYMPUS,
Japan) and a high-speed camera (Fastcam SA3, Photron, USA). To impose a constant inlet flow rate was

used a syringe pump (LEGATO® 100, USA), which was kept constant and equal to 5 ml - min™1.

The fluid selected as blood analogue was a dimethyl sulfoxide (DMSO)/water mixture (52%/48%-w/w),
which is similar to blood in its viscosity and density. In suspension of the blood analogue fluid were used

40 um monosized spherical microparticles, (CA 40, Spheromers®) at a concentration of 0.2 %.

Inverted
microscope

High speed

camera

Figure 40.Experimental setup used to control and visualize the flow.

7.2.3. Image Processing

To understand the diameter reduction effect on flow behavior, the video sequences captured by the high-
speed camera were digitally processed using an image handling software ImageJ [200]. This is a tool
frequently used to process and analyze images. In this study, it was used to perform the pre-treatment of

the acquired frames, aiming to remove the noise and image artifacts. Firstly, it was selected the median
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projection type by means of the Z Project function in ImageJ. Secondly, it was used the image calculator
tool to subtract the median from the original image. Finally, the maximum intensity projection was applied

in order to obtain the images presented in this work.

To track the particles, the process previously described were applied together with a manual plugin
(MTrackJ) of the image analysis software ImageJ. This plugin allows, not only to track moving particles at

several image sequences, but also to measure the particle velocities.

Notice that, the regions of interest in this study are the stenotic and post stenotic region of the biomodel,
however, for each case the frame rate selected was different. At the post-stenotic section, a sequence of
1000 frames per second were used and the same for the healthy model. Contrarily, to track the particles
at the stenosis throat, the frame rate selected was higher (6000 frames per second). In this location, the

velocity increases and so, to reliably track the particles it is necessary increase the frames number.

7.3. Results and Discussion

7.3.1. Printing Resolution Effect on Flow Visualization

Looking at Figure 41 (a) and (b), it is possible to observe the differences between the two printing
resolutions, verifying that the best visualization is obtained in model (b) (100 pum). Smoother lines are

observed in the second case, making it easier to visualize the flow.

To better support this observation, roughness measurements were performed in both models. One of the
most widely used parameters is the arithmetic average roughness (Ra). This parameter represents the
arithmetic mean of the absolute ordinate Z(x) within the sampling length [242]. The Ra parameter for the

150 pum and 100 um model was 19.23 um and 7.24 um, respectively. These results demonstrate that

the best biomodel was obtained with a printing resolution of 100 pum.

P

Figure 41.Images obtained with a printing resolution of (a) 150 um and (b) 100 um. Scale bar, Imm.
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For these reasons, the

In summary, the choice of the printing resolution is a valuable step, as it can compromise the reliability

of the experimental results. Without quality images, it is difficult to analyze the flow behavior and to

accurately perform the

7.3.2. Velocity M

The presence of plaques in the coronary artery is responsible for obstructing blood flow to the

myocardium, consequ

quantitatively in the healthy model and in the stenotic section of the diseased models. For each case,

several particles were

results effectively show the influence of diameter reduction on velocity. As expected, comparing the

measured velocities in

measurements were performed in the 100 um model.

particle tracking.

easurements

ently affecting the flow velocity. Because of this, the velocities were evaluated

tracked, in order to ensure the accuracy of the measurements (Figure 42). The

the healthy model with the remaining, it can be observed the increasing velocity

as the severity of stenosis increases, due to the reduction in the arterial area.

(@)

(b)

(c)

Figure 42. Particle
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One aspect that should be highlighted is the irregularities of the different particles trajectories performed
for each case. For the healthy model, the measured velocities were practically the same. However, for
the 50% and 70% model, it was detected some oscillations at the measurements of each particle.
Especially for the severe model (70%), those variations were found to be the highest. This might be due
to the extremely high velocities of the particles flowing in this region and some possible measurement
errors due to the limitations of our high-speed video camera. The tracking of the particles is extremely

difficult to perform at high flow rates and consequently, the velocity error may increase [202].

Through the previous results, the average velocity was calculated for each particle and the results are
shown in Figure 43. The lowest values were obtained for the healthy model (1.92 cm/s). In contrast,
when the diameter reduces 50% and 70%, the velocities are significatively higher, and the average value

was approximately 6.98 cm/s and 18.72 cm/s, respectively.
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Figure 43.Average velocity measured for each stenosis degree. The measurements are expressed as
the mean =+ standard deviation according to a t-test analysis at 95% confidence interval.

7.3.3. Effect of Stenosis Degree on Flow Behavior

Figure 44 and Figure 45 show the images obtained by applying Z Project maximum intensity to all images
of a movie. Figure 44 represents the healthy model and the alignment of the particles within the flow
was observed. On the other hand, the effect of stenosis on hemodynamics is shown in Figure 45 (a) and
(b). Similarly, to the healthy model, in the 50% stenosis, there is no recirculation and the fluid flows in a
laminar way (Figure 45 (a)). When the degree of stenosis reaches 70% (Figure 45 (b)), there is a
significative recirculation zone at the post-stenotic section. This clearly shows the effect of stenosis severity

on changing the flow behavior. This phenomenon may be explained by the significative increase in velocity
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observed at the stenotic section of the 70% model. In contrast, when the diameter reduces 50%, the

velocities at the throat are not high enough to cause these changes in flow.

Figure 44. 7 Project maximum intensity image of the healthy model.

C——> Flow direction

il P ——

Figure 45. Z Project maximum intensity image: (a) 50% stenosis (b) 70% stenosis.

7.4. Conclusions

The present study shows flow measurements and visualizations of idealized coronary arteries with
atherosclerotic plaques. The results acquired in this study shows effectively that the printing resolution
affects the flow visualization and reveals the importance of this parameter when 3D printing technologies
are used to obtain biomodels for experimental flow studies. In addition, some changes in the flow behavior
were clearly observed. For example, it was observed the formation of recirculations immediately at

downstream of the stenosis when a diameter reduction of 70% was reached. Comparing all the obtained
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results, it is clear that diameter reduction has a significant impact on the velocities and flow behaviors.
The study of these phenomena is extremely important, helping not only to better understand what

happens in physical models but also to validate and improve numerical models.
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Chapter 8

3D Printed Biomodels for Flow Visualization in
Stenotic Vessels: An Experimental and Numerical
study:s

Abstract

Atherosclerosis is one of the most serious and common forms of cardiovascular diseases and a major
cause of death and disability worldwide, leading to acute cardiovascular events and chronic injuries. It is
a multifactorial and complex disease, that promoted several hemodynamic studies, either /in vitro, in vivo
or in silico. Although /n vivo studies represent more accurately the physiological conditions, in viro
experiments are more reliable to control several physiological variables and the most adequate way to
validate numerical flow studies. Here, a hemodynamic study in an idealized stenotic and healthy coronary
artery, using both numerical and /n vitro approaches, by means of computational fluid dynamics (CFD)
simulations and high-speed video microscopy technique, is presented. The biomodels used to perform
the experimental studies were obtained using stereolithography 3D printing technology, which has been
considered a suitable fabrication method and a cost-effective way to produce 3D /n vitro biomodels. By
varying the print resolution, it was concluded that the 50 pm biomodel was the most adequate to perform
flow visualizations and velocity measurements, presenting the best roughness results (Ra=1.8 pum). In
general, the flow experimental results obtained in this study have validated the numerical data of the

blood flow, by showing a recirculation zone in both cases when the diameter reduction has reached 60%.

Keywords: atherosclerosis; /i vitro biomodels; CFD; 3D printing; stereolithography; blood flow; blood

analogues; hemodynamics

18Carvalho, V.,Rodrigues, N., Ribeiro,R., Costa, P., Teixeira, S., Lima, R., 2020. 3D Printed Biomodels for
Flow Visualization in Stenotic Vessels: An Experimental and Numerical study. Micromachines Journal,
under review.
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8.1. Introduction

Atherosclerosis is considered the pathological basis of several cardiovascular diseases and the leading
cause of death worldwide, originating over 20 million deaths every year. It is a silent and progressive
disorder characterized by abnormal lipid deposition within the intima and commonly affects large and

medium-sized arteries, like coronary arteries [2,29].

Given the clinical importance of this disease worldwide, hemodynamics research has increased
exponentially. /n vivo experimental methods provide the most realistic physiological data and remain
essential to establish an adequate understanding of basic biophysical phenomena that happen /n vivo.
However, even performing these studies in animal models, human physiology or human disease is not
fully recapitulated. Moreover, in these types of experiments, the measurements oftentimes are not
accurate, are expensive, have low reproducibility, and have ethical issues associated [78,79,96,99].
Therefore, over the years, engineered /n7 vitro biomodels have gained widespread attention and have been
developed to overcome those limitations. Moreover, these are often used to validate numerical studies
and to complement and confirm results from /n vivo experiments [75]. On the other hand, numerical
hemodynamic studies can be an auxiliary tool to investigate such arterial diseases, offering advantages
over experimental analysis, since they are faster, the construction of more realistic virtual models
becomes more flexible and they reduce the lead times and costs of new designs and developments.
Although experimental and numerical methods are important by themselves, these studies should be

compared to verify the accuracy of the results and thus validated [220,221].

The flow dynamics of stenotic arteries have been subjected to extensive studies with early /in vifro[67,205]
and /n sifico studies [204,243] and there has been continuously growing interest to understand the blood
flow behavior in the atherosclerosis condition, due to its serious impact on human life. An important
geometric factor to the local hemodynamics is the shape of the stenosis. Some experimental and
numerical studies apply idealized stenosis shapes [99,132,137,244]. Other studies make use of patient-
specific geometries based on medical images [35,96,138,245]. Kefayati et al. studied numerically and
experimentally, the effect of stenosis severity, plague eccentricity and ulceration on turbulence intensity
[14], and on shear stresses measured /7 vifro [133]. In another study, the authors analyzed the
transitional flow [102], using always idealized carotid models. Similar studies were conducted by DiCarlo
et al. [135,136]. Another interesting study that can be highlighted was undertaken by Costa et al. [96],
using a patient-specific geometry of a coronary artery with a shape similar to the one presented here. By

combining Stereolithography (SLA) 3D printing and computed tomography angiography (CTA) data, they
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obtained a 3D biomodel and performed both /n vifro and /n sifico studies of the flow through healthy and
stenotic arteries. In a recent study, Stepniak et al. [118] studied the lipid-rich plaque in stenotic coronary
artery phantoms using three different 3D printing technologies (Fused Deposition Modeling, SLA and
PolyJet).

Despite the variety of ways to produce arterial phantoms for flow visualization, 3D printing technologies
have become popular due to its capability to fabricate fully 3D structures, that closely mimic the shape
of human blood vessels [246,247]. There are different 3D printing methods that have been used in this
field, such as Fused Deposition Modelling [78,105,112,118,162], Inkjet [115], Poly Jet [95,118] and
Binder jetting [112]. In addition to those methods, a suitable technique to fabricate those vessel models
is SLA, since it can reach very high printing resolutions and accuracy, well-defined details, slightly visible
layer lines and an extremely smooth surface finish. Notice that these characteristics play an important
role, aiding the visualization process during experimental studies. Briefly, in this technique the models
are manufactured layer by layer, using a photocurable liquid resin that is hardened by applying a low-

power ultraviolet (UV) laser, a process called photopolymerization [96,108,182,185].

After the fabrication process, /n witro velocity fields of blood flow can be measured using several
techniques [35,80,85,86,115,163,248], however, in the present study, blood flow measurements and

visualizations were performed by using a high-speed video microscopy system.

In the last decades, many /n vifro studies have been conducted, however, none of them considered the
influence of roughness on the flow visualization. The present paper shows the influence of this parameter
on visualization and the effect of stenosis severity on hemodynamics. Using numerical and experimental
approaches, it is evaluated five degrees of stenosis (DOS) seen in human arteries, in addition to a healthy

model, fabricated by stereolithography 3D printing technique.

8.2. Materials and Methods
8.2.1. Coronary Artery 3D Biomodels Design and Fabrication

The 3D biomodels were custom-designed using the online platform BIOFABICS TOOLBOX (www.biofabics-
toolbox.com), and custom-manufactured using a rigid material (Biofabics, Porto, Portugal) at printing
resolutions of 50, 100 and 150 um. The biomodels were designed with tool number 3 of the BIOFABICS
TOOLBOX, employing as parameters a 24 well plate layout, a 50 mm total channel length, 3 mm channel

1 diameter, 3 mm channel 2 diameter, 6 mm stenosis length, 0.5 mm base thickness and a total device
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height of 5.5 mm. The DOS selected for this study were 0%, 50%, 60%, 70% and 80%, in order to capture

the changes in flow behavior when the severity of stenosis increases.

The shape of the artery is a full cylindrical tube with a circular cross-section and an axisymmetric blockage
(Figure 46). The selected diameter (3 mm) was based on the literature [40,41] and the length of the
stenosis was defined as twice the normal diameter, an assumption applied by several researchers
[54,230-232]. In addition, the length of the inlet zone (22 mm) was selected to ensure the creation of a

fully developed inlet flow.
22 mm 6mm 22 mm

23 mm

@ (0.9 mm

x | x
Figure 46.Dimensions of 70% stenosis model.
The DOS is estimated by comparing the minimum diameter of the vessel at the lesion site to the diameter
of the straight section without any stenosis (Equation 12). It can be defined as minimal, moderate and
severe. Minimal if the narrowing is less than 50%, moderate between 50% and 70%, and severe or

significant for a diameter reduction of 70% or more [234].

d .
stenosis (%) = <1 — M) x 100 (12)
dstraight

8.2.2. Blood Analogue Fluid and Flow Rate

Recently, the use of blood analogues has been increasing due to the difficulties associated with the

manipulation of real blood /7 vitro because of ethical, economical or hazardous issues [146,169,181].

In this study, the fluid selected as blood analogue was a dimethyl sulfoxide (DMSO)/water mixture
(52%/48%-w/w), with properties similar to blood (1 = 0.003153426 Pa-sand p = 1072.033 kg -
m3), where , is the viscosity and p, is the density of the fluid. The density of the biofluid was measured
using a density meter (DMA 5000M, Anton Paar®) [197]. Moreover, the refractive index of this mixture
matches the refractive index of the biomodels, eliminating the visual distortion given by the curvature of
the walls. By using a syringe pump the infusion flow rate was kept constant and equal to 5 ml/min. The

same flow rate was used to perform the numerical simulations.
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8.2.3. Experimental Setup for Roughness Measurements and Flow
Characterization

To understand the influence of the print resolution in flow visualization, roughness measurements were
performed using a surface profiler (Dektak® 150, Veeco) (Figure 47). Considering the difficulty and
inaccuracy of the roughness measurements on circular surfaces, cubes printed with the respective

resolutions were used to make the comparison.

© Dektak150 "

Figure 47.Experimental setup for roughness measurements.

In Figure 48, the experimental setup used to perform the flow visualization is represented. This was
composed by an inverted microscope (IX71, OLYMPUS, Tokyo, Japan) combined with a high-speed video
camera (Fastcam SA3, Photron, USA) and the objective lens used in this study has a magnification of
2.5%. To control and impose steady flow rates through the channels of the biomodel, a syringe pump
(LEGATO® 100, USA) was used. All images were captured and recorded by a high-speed video camera
(Fastcam SA3, Photron, USA). The microparticles used in suspension of the blood analogue fluid were

40 um monosized spherical tracer particles (CA 40, Spheromers®) at a concentration of 0.2%.
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Figure 48.Experimental equipment used to control and visualize the flow of the blood analogue.

8.2.4. Numerical Approach

Numerical simulations were performed in the CFD package ANSYS Fluent (version R2), which utilizes the
finite volume methodology. In addition, the semi-implicit method for pressure linked equations (SIMPLE)

scheme was used to solve the governing equations.

For each model, a hybrid mesh was generated with tetrahedral cells with inflation layers in the stenosis
zone and hexagonal cells with a bias factor in the remaining geometry. The inflation and bias factor were
applied, in order to improve the accuracy of the computed Wall Shear Stresses (WSS). Moreover, several
mesh tests were performed to guarantee a grid-independent solution. The mesh that combines accuracy
and lower computation time for the 70% stenosis case has 498 974 elements (Figure 49). For the

remaining models, similar meshes were performed.

(a) (b)
Figure 49.Hybrid mesh generated for the 70% model: (a) inlet view; (b) front view.
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Although in small arteries and capillaries the blood exhibits non-Newtonian behavior, in vessels with a
diameter superior to 1 mm, such as the coronary arteries, the non-Newtonian behavior can be neglected
because of the predominant high-shear rates [25,103,249,250]. In this study, the blood is considered
as incompressible, homogeneous and a Newtonian fluid. The no-slip boundary condition was applied at
the artery walls, which were assumed as rigid and motionless. The outlet gauge pressure was set to zero
and there was no backflow. Although the blood flow in the coronary arteries is time-dependent, the current

investigation first simplifies it to a steady flow condition, with constant inputs, assuming a laminar regime.

Under these assumptions, three-dimensional blood flow through an artery with stenosis can be described

by the steady continuity and Navier-Stokes equations (Equation 13 and 14),

V-u=0 (13)
U - 5
p §+u-|7 = —Up + uV?u (14)
Where E is the velocity vector, p is the static pressure, p is the fluid density, and p the dynamic viscosity.

8.2.5. Image Processing

The images were obtained essentially in the post stenotic section of the biomodel, by using a frame rate
of 1000 frames/second. All sets of frames were analyzed using the Z Project method from the ImageJ
software [200]. The number of analyzed frames was about 800 for each movie and the recorded
sequence of images was replaced by an image that represents the minimum or maximum intensity in

each pixel. By using this methodology, it is possible to observe clearly the flow behavior.

To perform the particles’ velocity measurements, the manual Mtrack) plugin was used. This is
an ImageJ plugin that allows the tracking of moving particles and to calculate their velocities

automatically.

Moreover, to estimate the difference between the experimental results and the numerical values, Equation

15 was used:

|Experimental value — Numerical value)|
% P 100 (15)
= X
oerror Numerical value
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8.3. Results and Discussion
8.3.1.  Printing Resolution Effect

To understand the influence of the print resolution in flow visualization, three different cases were tested
(50 pm, 100 um and 150 um). Initially, it was analyzed in a qualitative way observing the flow through
the microscope. As can be seen in Figure 50, there is a significant improvement when the print resolution
is reduced to 50 um. In Figure 50 (a) and (b), there are accentuated lines that affect the flow visualization,

as well as particle tracking.

(b) ()

Figure 50. Images obtained for each printing resolution: (a) 150 um. Scale bar, 1 mm. (b) 100 um.
Scale bar, 1 mm. (c) 50 um. Scale bar, 1 mm.

To better understand the impact of the printing resolution in the assessment of the experimental results,
additional images from ImageJ were obtained (Figure 51). Those images were recorded before the
application of the Z project tool, which can be used to track the trace particles. Through the analysis of
the results, it is possible to observe the difficulty to track the trace particles near the walls for the printing
resolutions of 100 and 150 pum (Figure 51 (a) and (b)). Between these two biomodels, there is almost no
difference. However, in comparison to the 50 um biomodel, the differences are quite significant. For
instance, by using images obtained with the 50 um biomodel (Figure 51(c)), the tracer particles can be
tracked without almost any influence of the channel wall, while in the remaining cases, the images are
too noisy near the walls which promote the generation of large errors when tracking those particles. These
results are extremely relevant in flow experiments as it essential to obtain high-quality flow images near

the walls to obtain accurate /n vifro results, namely in WSS and velocity measurements.
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@ (b)

Figure 51.Images with tracer particles obtained by the high-speed camera: (a) 150 um. Scale bar, 1
mm. (b) 100 um. Scale bar, 1 mm. (c) 50 um. Scale bar, 1 mm.

Following the previous results, it was quantitatively evaluated the effect of the printing resolution in the
experimental measurements near the wall, where the results are most affected by this parameter. For
this purpose, the mean particles’ velocity was measured experimentally and numerically near the wall in
the post stenotic section of the 50% stenotic model. Analyzing the results depicted in Figure 52, it can be
seen that the model with values closest to the numerical results is the 50 um model. While the 150 um
model presents the worst results, where the velocities measured experimentally are much lower than
those predicted numerically. The 100 um model presents results between the two models mentioned

above, but it is significatively better than the 150 um model.

The error associated with the measurements was also calculated, and as expected, the measurements
in the 50 um model presented the lowest error of about 10%. The measurements in the 100 um and 150
um presented higher errors, approximately 28% and 50%, respectively. Considering these results, it can
be concluded that the 50 um and 100 um models are the most adequate to perform the experimental

studies with more reliability, being the 50 um the best one.

Through the analysis of these results, it is possible to verify the direct influence of printing resolution on

the quality and reliability of particles’ velocity measurements near the wall.
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Figure 52.Comparison between the mean velocities measured experimentally near the wall at each
model with the mean velocity estimated numerically. The experimental measurements are expressed as
the mean =+ standard deviation according to a t-test analysis at 95% confidence interval.

Additionally, roughness measurements were carried out to verify the previous observations. For that,
roughness measurements were performed. The main roughness parameter is the average roughness
(Ra). This parameter evaluates the average standard deviation of the heights (peaks and valleys) in a

scanned profile to compute the degree of roughness [251,252].

To perform the roughness tests, different cubes were printed with three different resolutions (three
measurements for each case). Figure 53 shows the average Ra values obtained per each resolution
proving that, effectively, this parameter influences the models’ roughness. The higher value is measured
in the 150 um model, with an average Ra of approximately 19.53 um. In turn, the 100 um model has a
significantly lower roughness (7.35 pm). However, the best model is the one printed with the lowest

resolution (50 um), presenting an average Ra of 1.78 um.
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Figure 53.Comparison between the roughness parameter, Ra, at three different print resolutions. The
measurements are expressed as the mean + standard deviation according to a t-test analysis at 95%
confidence interval.

From these results, it can be concluded that the best surface roughness can be achieved with a print

resolution of 50 um and so, the remaining tests were performed in that model.

8.3.2. Velocity Profiles and Wall Shear Stress Evaluation

The effect of stenosis severity on blood velocity profiles at different sites in the artery for different DOS is
depicted in Figure 54. Figure 54 (a) shows that the velocity profile is fully developed at the beginning of
the channel and is not significantly affected by the DOS. It is seen only a slight difference in the maximum
velocity between the healthy model and the rest. Whereas, in Figure 54 (b), it can be clearly noticed that
at the stenosis throat for all DOS, the velocity increases reaching its maximum. As the throat diameter
reduces, the velocity increases and the highest speed is achieved with a DOS of 80% (0.50 m/s). Figure
54 (c) and (d) shows the corresponding velocity profiles at two different locations in the downstream
region of stenosis. In Figure 54 (c) the velocity profiles are a little disturbed and fluctuating due to the
presence of secondary recirculating flows for some models. The remaining velocity profiles do not display
that behavior, showing absence or reduced recirculation. In Figure 54 (d) the flow is stabilized again,

although in the DOS of 80% the velocity is slightly higher.
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Figure 54.Comparison of velocity profiles at different axial positions for the different degrees of stenosis.

Table 18 shows the Reynolds number (Re) (pUd/p) in the stenotic region for each degree of stenosis. As
the stenosis severity increases, the Re also increases, which is explained by the velocity increase in that
region. Additionally, as can be observed, the maximum Re is, approximately, 102. Therefore, the laminar

flow assumption is the most adequate in the present simulation.

Table 18. Reynolds number at the stenotic section for the different degrees of stenosis.

Stenosis degree Reynolds
0% 23
50% 45
60% 55
70% 71
80% 102
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WSS plays an important role in the development of various vascular disorders, including atherosclerosis
[39]. This is a key parameter in the hemodynamic analysis because of its direct relationship to the
development of cardiovascular disease and atherosclerosis in general. High WSS is indicated as a
contributor to the rupture of the atherosclerotic plaque in human coronary artery [212]. Whereas, low
WSS is associated with plaque progression in diseased human coronary arteries [41]. For a Newtonian
fluid, the applied shear stress (t,,) is proportional to the resulting deformation rate (y) and the viscosity

is constant (Equation 16):

Ju

Ty =u@=w (16)

The effect of stenosis on WSS is depicted in Figure 55. The maximum WSS is observed at the throat
stenosis and its value increases with the degree of stenosis. This happens because the artery diameter
reduction causes higher velocities in the stenosis throat and, consequently, the WSS also increases.
Similarly to the previous results, it can be verified that the maximum WSS is reached for a DOS of 80%
being, approximately, 14.64 Pa. For the healthy model, WSS is almost constant at the value of 0.10 Pa.

16
14
12
1

o

WSS (Pa)

SN = O

-0.03 -002 -0.01 000 0.01 002 0.03

xx(m)

—_—0% 50% 60% 70% 80%
Figure 55.WSS distribution along the vessel wall.

For the 50%, 60% and 70% of stenosis, WSS values of 0.86, 1.73 and 4.19 Pa are observed at the throat,
respectively. In addition, it can be noticed that there is a sudden increase in the WSS from DOS 70% to

80%, showing that the second case is already extreme, possibly leading to acute myocardial infarction.

8.3.3. Velocity Fields and Flow Visualizations

To evaluate the flow behavior, the velocity vectors obtained by CFD simulation and the respective

minimum intensity experimental images were compared and depicted in Figure 56.
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Figure 56. Images for different degrees of stenosis: (a) 50%; (b) 60%; (c) 70% and (d) 80%. Left: velocity
vectors; Right: Z project image.
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Notice that the vectors were normalized to better visualize what is happening in the flow and they were
studied in two locations downside of the stenosis. In general, the numerical data describes well the
experimental results. However, looking at (a) left, there are some vectors in the opposite direction to the
flow, which are not seen in the image obtained experimentally (right). This may be due to the numerical
instability in the pointed area of the geometry. On the other hand, recirculation can occur experimentally
and be so reduced that it is not captured with the experimental setup adopted. In (b) both results are in
close agreement, and a small recirculation zone appears. In the 70% stenosis case ( (c)), the results are
also similar, but the length of recirculation is slightly higher experimentally than numerically. Another
aspect that should be highlighted is the difference in the recirculation behavior numerically and
experimentally when the diameter reduces 80% ( (d)). The recirculation length is clearly in agreement
between the two methods. However, experimentally, the recirculation spreads to the center of the
biomodel and also near of the stenotic section, which does not happen numerically. These are small

details that prove the importance of /n wiro studies to complement and validate numerical studies.

8.4. Conclusions

The effect of printing resolution was both studied qualitatively and quantitatively on flow visualization. The
authors concluded that there is a direct effect of this parameter when performing the experimental studies
and the best biomodel is the one with the smaller roughness, corresponding to a print resolution of 50
pm. Additionally, the effect of coronary stenosis on hemodynamic changes were numerically and
experimentally studied and both results are in good agreement. It was observed a recirculation flow at
the post stenotic section when the regular diameter reduces 60%. Moreover, the velocity profiles and wall

shear stress were evaluated, indicating a significant increase of these parameters in the stenosis throat.

These results have the potential of providing new insights and additional information about the importance

of printing parameters, namely the resolution on /17 vifro biomodels.
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Chapter 9

Numerical Simulation of Blood Pulsatile Flow in
Stenotic Coronary Arteries: The Effect of Turbulence
Modeling and non-Newtonian Assumptions

Abstract

Atherosclerosis is a common cardiovascular disease characterized by the accumulation of plaques on the
artery walls, resulting in the lumen stenosis. Over the past few decades, this pathological condition has
been deeply studied and computational fluid dynamics has played an important role in investigating the
blood flow behavior. Commonly, the blood flow is assumed to be laminar and a Newtonian fluid. However,
under a stenotic condition, the blood behaves as a non-Newtonian fluid and the pulsatile blood flow
through coronary arteries could result in a transition from laminar to turbulent flow condition. The aim of
the present study is to analyze and compare numerically by means of CFD, the blood flow behavior,
applying the k-w SST model and a laminar assumption. The effects of Newtonian and non-Newtonian

(Carreau) models were also studied.

According to the results, the turbulent model is shown to give a better overall representation of pulsatile
flow in stenotic arteries. In addition, the effect of non-Newtonian modeling was found to be more

significant in wall shear stress measurements than in velocity profiles.

Keywords: hemodynamics, CFD, atherosclerosis, turbulence, non-Newtonian, coronary arteries

9.1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death globally, being expected to cause over 22
million deaths per year in 2030. The main underlying pathological process of CVDs is atherosclerosis, an
inflammatory disorder of the arterial wall, which narrows its lumen [3]. During early stages, there are no

significant changes in the flow dynamics, nevertheless, as time progresses, these plaques play a critical

19 Carvalho, V., Rodrigues, N., Lima, R., Teixeira, S., 2020. Numerical simulation of blood
pulsatile flow in stenotic coronary arteries: The effect of turbulence modeling and non-Newtonian
assumptions, International Conference on Applied Mathematics and Computer Science
(ICAMCS), 2020, Athens, Greece.
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role in altering the flow characteristics and transition to turbulence can occur, even at much lower
Reynolds number [60,216]. To understand the flow field changes, several hemodynamic studies have
been conducted. This can be achieved under /n7 vivo conditions using different measurement techniques.
However, it is difficult to measure with sufficient accuracy some hemodynamic parameters, e.g wall shear
stress (WSS). For this reason, computational fluid dynamics (CFD) has been used as an effective
alternative to investigate in detail several blood flow phenomena in blood vessels and an important
component in the study of CVDs, allowing the calculation of various hemodynamic parameters with high

precision [10,216,253].

One of the earliest detailed studies of the flow in stenosis was conducted by Young [243] considering the
flow in a mildly constricted tube based on a simplified model. Over the years, research into hemodynamics
has grown exponentially and researchers have taking different assumptions, because of the blood flow
complexity. Some authors assumed the blood flow in coronary arteries to be laminar
[35,50,55,212,213,218] and behave as Newtonian fluid [11,210,215,217,218], and others studied
turbulence transition [60,216,225,226,254] and non-Newtonian effects [22,47,55,210,216]. In fact, in
large vessels, blood can be considered as a homogeneous fluid with constant viscosity. However, in the
presence of stenosis, it is observed that the viscosity decreases with increasing velocity and reduction of
vessel diameter. Therefore, the non-Newtonian behavior should be considered [50]. Another important
factor to the local hemodynamics is the shape of the stenosis. Some researchers apply idealized stenosis
shapes [11,22,207], while others make use of artery stenotic models based on medical images
[35,46,213]. For instance, Gaudio et al [50] compared Newtonian and non-Newtonian (Carreau-Yasuda
model) blood behaviors in patient-specific stenotic coronary arteries at different degrees of stenosis. For
that, the researchers investigated numerically the blood velocity and the distribution of the shear stress
indices at different times of the cardiac cycle. Their results showed that the velocity for the Carreau-
Yasuda model is slightly lower when compared to the Newtonian model, however, the non-Newtonian
effects are most important in shear stress indices distributions. Kamangar and his team [46] investigated
the effect of stenosis in left coronary arteries on the hemodynamics in suspected diseased patients, using
non-Newtonian (Carreau model) and laminar assumptions. They observed a considerable pressure drop
and an increase in the velocity and wall shear stress at the stenosis throat. In the post stenotic section,
they observed the prevalence of a recirculation zone which can result in the growth or formation of a new

stenosis.
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To understand the turbulence transition effect on hemodynamic parameters, Mahalingam et al. [216]
applied the SST k-w model during pulsatile flow through coronary arteries for different degrees of stenosis.
They demonstrated that the transition to turbulence starts occurring above 50% stenosis and becomes

fully turbulent above and beyond 70% of stenosis.

According to the literature, the best suited turbulent model to simulate the blood flow in pulsatile
conditions is the transitional k- model, also referred as SST k-w. This has been investigated and
validated by several authors [60,225,226,255] using as reference the experimental study of Ahmed and
Giddens [256]. However, the comparison between laminar and turbulent modeling has not been greatly

investigated.

In this regard, in the current study an analysis of the turbulence modeling effects on blood flow is
performed, comparing the SST k-w model to a laminar flow in an idealized coronary artery with 70% of
stenosis. Additionally, the effect of shear-thinning blood behavior was also studied, by using the Carreau

model.

9.2. Methodology
9.2.1. Geometry of the Stenotic Coronary Artery Model

To study the blood flow, it is necessary to obtain the three-dimensional geometry of the lumen of the
coronary artery. This step was performed in the Design Modeler tool in ANSYS® workbench. The selected
diameter was based on real data obtained in the literature [228], and according to some authors
[216,230,231], the length of the stenosis is defined as twice the normal diameter. In addition, the
entrance length was chosen so that the velocity profiles could be fully established proximal to the stenosis.

The axisymmetric stenosis model developed, and its geometric parameters are represented in Figure 57.

9.2.2. Mesh Generation and Blood Flow Assumptions

The numerical meshing and simulations were performed in the computational fluid dynamics (CFD)
package ANSYS Fluent (version R2). In Ansys Meshing, a hexahedral mesh was created with a bias factor
to ensure the accuracy of computational calculations near the wall, and a more refined mesh in the
stenotic section (Figure 57). To assure a mesh independent solution, grid tests were made by refining
the mesh and rerunning the simulations until no significant differences were observed. The results were

mesh independent after using a grid of 510,720 elements.
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Figure 57.Geometry and dimensions of the 70% stenotic model with the generated mesh represented at
the half bottom of the figure.

Blood flow is modeled using the Navier-Stokes equations and the continuity equations, which were solved
by the semi-implicit method for pressure linked equations (SIMPLE) scheme; the artery walls were
considered as rigid with a no-slip condition and a zero gauge pressure condition was applied at the outlet.
To ensure that this analysis reflects the realistic simulation of /7 vivo conditions, a physiological inlet
velocity profile adopted by Doutel et al. [35] was applied as seen in Figure 58 along the negative X-axis
direction. This was written in C-language using the interface of User Defined Function (UDF) of Fluent and
linked with the solver. For each transient simulation, four consecutive cardiac cycles were run and the

results from the last cycle were analyzed.

When the blood is modeled as a Newtonian fluid, appropriate rheological parameters were applied with
a density of 1072.033 kg - m~2 and a viscosity of 0.00315 Pa - s, which are similar to those used in
previous studies [35,103]. For the pulsatile non-Newtonian blood flow simulations, the selected viscosity
model was the Carreau, since it is commonly used by several authors [35,54,55] to simulate the shear-
thinning blood behavior and it is considered the most suitable to perform these simulations. In the Carreau

model, the viscosity (u) is given by Equation 17:

n—1

1= oo + (o — o) [1 +2¥?] 2 (17)

where, according to the previously cited authors, pe, = 0.00345 Pa-s is the infinite shear
viscosity, o = 0.0560 Pa - s is the blood viscosity at zero shear rate, y is the instantaneous shear

rate, A = 3.313 s is the time constant and n = 0.3568 isthe power-law index.
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Figure 58.Velocity profile adopted in the simulation, representing a full cardiac cycle, according to
Doutel et al. [35]. The red dots represent the peaks of the systolic and diastolic cycle, respectively.

9.2.3. Turbulence Modeling: Transitional k-cwo Model

The transitional k-w model is similar to the standard model, but with some modifications. The SST k-w
model has two other transport equations, one for the intermittency and one for the transition onset criteria.
This is of interest in this study since the flow is not fully turbulent in the entire domain or throughout the
entire cardiac cycle [60,226]. Moreover, this model is used to effectively combine the robust and accurate
formulation of the k-w model in the near-wall regions with the freestream independence of the k- model

far from the wall [56,60,220].

9.3. Results and Discussion
9.3.1. Turbulent Models and Laminar Assumption

To assess the flow behavior through the simulated stenotic artery, a velocity profile of the fluid flow was
plotted along the geometry center. The plotted data starts near the stenosis center, where X=0 and
follows the blood flow direction until X =-50 mm. Figure 59 I) and Il) represent the velocity flow in the
diastolic and systolic peak, respectively, with both assuming the blood as a Newtonian fluid, to compare

the effect of the laminar and turbulent behavior according to the SST k-w model.

Through observation of Figure 59, it is possible to observe that the velocity waveform near and at the
stenosis throat (X = 0) the predicted values by both models in the different phases of the cardiac cycle

are in excellent agreement. However, after the contraction, the differences are more notable.
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In the diastolic peak (Figure 59 (1)), the SST k-w and laminar model show a similar behavior along the
geometry, with a gradual reduction in velocity after stenosis. These results are in good agreement with a
study conducted by Straatman et al. [226], who also compared the SST k-w model with experimental
data obtained by Ahmed and Giddens [256]. Looking at Figure 59 (ll), it can be also observed an identical
behavior for both models, however, the transitional k-w model presents an earlier drop in velocity, that

marks the end of the recirculation zone. The laminar model predicts a slightly higher recirculation length.

In Straatman work [226], it was also showed that the transitional k-w model over-predict a bit the length
of the recirculation when compared to the experimental data. Taking this assumption, it can be concluded
that the laminar model over-predicts considerably more the recirculation length, and, therefore is not the

most adequate.
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Figure 59.Simulated centerline velocity at the time of the: (I) diastolic peak; (Il) systolic peak of the input
velocity profile.

Despite the few differences between the two models, it was showed that the model selection influences
the results and the most adequate model seems to be the transitional k-w. For this reason, the remaining

simulations were performed with that model.
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9.3.2. Newtonian and Non-Newtonian Behavior

To compare the non-Newtonian effects in flow behavior, the velocity profiles in the stenotic and post
stenotic section (X =-2.5 mm), only at the diastolic peak were evaluated. As can be observed in Figure
60 (a) and (b), the two models present the same behavior and there is only a small variation in the
maximum velocity. It can be seen a lower maximum value in the curve of the Newtonian model compared

to the Carreau model.
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Figure 60.Comparison between the velocity profiles at (a) stenotic section; (b) the post-stenotic section.

Figure 61 shows the wall shear stress (WSS) along the coronary artery, in particular in the region of the
stenosis at the diastolic peak. For incompressible fluids and non-slip conditions applied to the arterial

wall, the spatial WSS, t,,, is calculated through Equation 18:

Ju .
Tw=u@=uv (18)

where y the deformation rate.
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Figure 61.Comparison between the WSS using the Newtonian and Carreau model.

The maximum value of WSS is located in the maximum narrowing area and the differences between the
two models are more perceptible than in velocity. Comparing the Newtonian model to the Carreau model,
the first one predicts a lower value of WSS, visible in the peak where there is the presence of the stenosis.

These results are in agreement with a previous study conducted by Gaudio et al. [50].

9.4. Conclusions

The present study provides new insights on the use of the transitional variant of the k-w model for
predicting pulsatile flow through stenotic coronary arteries, instead of the laminar model, which is used
commonly by several researchers. Note that, the differences between the two models are verified only in

the post stenotic area, where recirculation occurs.

The authors also concluded that the non-Newtonian effects are more significant in the wall shear stress
measurements, and the Newtonian model predicts lower values. The same tendency was observed in the

velocity profiles, however, it is almost imperceptible.

Despite the results agreed with previous studies, further investigations are necessary, since the

physiological flows are complex.
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Chapter 10

Numerical Validation and Transient Simulations

This chapter presents further validation of the numerical model and also, the effect of the stenosis degree

in the transient simulations.

10.1. Numerical Validation

After presenting detailed numerical and experimental results of the blood flow behavior, in the presence
of stenotic coronary arteries, it is important to validate the numerical model. Quantitative results, already
visualized in Chapter 8 (Figure 56), are now presented in Figure 62. To this end, the experimental results
were obtained by tracking particles in the stenotic section, while the numerical data were obtained by

drawing a line transversely to the channel in the stenotic section.

Looking at the results, it can be observed that the velocity progressively increases with the stenosis

severity, and this tendency is well shown by both experimental measurements and numerical results.

In general, the experimental results are in very good agreement with the numerical simulation. However,
closer to the walls the measurements are more accurate. This can be explained by the lower velocities in
that region. At these locations, the particles preserved its rounded shape, and has facilitated the
localization of the particles’ centroid, and consequently the tracking process. In turn, in the central region
of the channels, the particles have higher velocities, which resulted in an elliptical shape, making
measurements less accurate. This, combined with irregular illumination and low resolution, are the main
causes for higher uncertainties and discrepancies between the numerical and experimental
measurements in the central region, which is more noticeable in Figure 62 (d). Figure 62 (a) represents
the healthy model and the results are similar, with only two experimental points slightly away from the
velocity profile. For the stenotic cases with 50, 60 and 80% (Figure 62 (b), (c) and (e), respectively) the

results are also in good agreement.
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10.2. Geometry Effect on Blood Flow

Aiming to understand the effect of different geometries on hemodynamics, normalized vectors for 50 and
70% stenosis were investigated for Model 1 and Model 2, applying the same stationary inlet velocity used

to perform the experimental studies (Figure 63).

In terms of velocity magnitude, the results in the stenotic region (maximum value) are practically the
same in all cases. This was expected since the diameter reduction is equal. Nevertheless, in the post
stenatic region, some differences can be observed. In Model 2 with 50% of stenosis (Figure 63 (a), right)
some vectors are in the opposite direction of the flow, while in Model 1 (Figure 63(a), left), all vectors

follow the flow direction. This proves that the pointed areas in the Biofabics geometry create instability.

In Figure 63 (b), a well-defined recirculation zone is predicted by both models, however, a longer one can
be observed in Model 1 (Figure 63 (b), left). In Model 2, there is a recirculation zone shorter and near the

pointed area (Figure 63 (b), right).
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Figure 63.Velocity vectors (a) 50%; (b) 70%. Left: Model 1; Right: Model 2.
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Through the analysis of these results, it can be concluded that effectively the geometry influences the
hemodynamic behavior within the arteries. Note that, here very low velocities were studied, so using

higher velocities the differences can be more significant.

Moreover, it should be highlighted that the Model 1 (left) is closer to reality since the accumulation of fatty

deposits occurs irregularly and does not form sharp areas.

10.3. Pulsatile Nature of Blood Flow

10.3.1. Simulation Stability in Transient Calculations

Based on the study carried out by Doutel et al. [35], an inlet velocity was used in the transient calculations
of the present study (Chapter 6). Some of the results presented in Chapter 9, were taken after four
consecutive cycles, assuming that the flow has reached a stationary state ([35]). To verify if the present
study results follow this trend, the maximum velocities reached in each cycle for the systole and diastole

points are represented in Figure 64.
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Figure 64.Stability of simulation through the four consecutive cardiac cycles run.

Looking at the results, it is possible to verify that there was stability along the four consecutive transient
calculations and only small variations in maximum velocities are visible. This is verified in both phases of
the cardiac cycle. Therefore, the assumption of the stability after 4 cycles has been proved, and even

along with the different cycles, the maximum velocity seems the same.
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10.3.2. Effect of Stenosis Degree in Centerline Velocity and WSS

To evaluate the flow behavior through the stenotic artery in the presence of different degrees of stenosis
(0, 50 and 70%), the centerline velocity was plotted, only in Model 1. The plotted data starts near the
stenosis center, where x = 0 and follows the blood flow direction until x =- 0.05 m. The results obtained
are depicted in Figure 65 (a) and (b), corresponding respectively, to the systolic and diastolic phases of

the cardiac cycle.

In both phases of the cardiac cycle, the stenotic models attain their maximum velocity in the center of
the geometry (x=0m), and as expected, the healthy model maintains its velocity along axis (approximately
0.3 m/s during systole and 0.6 m/s during diastole). Moreover, both stenotic models present a similar

behavior until the stenosis throat. Nevertheless, the differences after the contraction are quite significant.

During systole (Figure 65 (a)), it can be observed that for both models there is a continuous drop in the
centerline velocity after stenosis, until afterward occurs a more noticeable drop in velocity, which is more
accented in the 70% stenosis case. This marks the end of the recirculation zone predicted by both models.
However, the 70% stenotic model presents higher velocities and a recirculation zone longer than the 50%

model, due to the greater diameter reduction seen in this model.

Similarly to the systolic phase, during diastole (Figure 65 (b)), the 50% stenotic model shows a
recirculation length significatively lower, marked by an earlier and smoother drop in velocity. In turn, the
70% stenotic model presents a gradual reduction in velocity until the end of the artery. This is due to the
recirculation zone length, which is higher than the channel length. Regarding this result, a remark must
be made. Through the analysis of velocity vectors results, the existence of vectors in the opposite direction
to the flow was verified since the end of the artery. To confirm that this was a valid result, a new test was
performed using the same geometry with a longer length and, indeed, the end of recirculation was
observed. This proves that in the presence of this pathology, changes in blood flow can be huge, especially

during diastole, where the highest velocities are reached.
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Figure 65.Centerline velocity at the time of the: (a) systolic peak; (b) diastolic peak of the input velocity
profile.

Additionally, as WSS is an important factor in the development of atherosclerosis, its evolution along the

stenotic artery was also studied in the two main phases of the cardiac cycle, systole and diastole (Figure

66 (a) and (b), respectively).

Regarding the WSS results during systole (Figure 66 (a)), for x~ -0.03m can be observed a small peak in
the grey plot (70%), which represents the end of the recirculation zone for this model and thus, after that,
the WSS values decrease and maintain a constant value until the end. Although this behavior is not
perceptible for the 50% case, a smoother variation in WSS happens, without any marked peak. This is

due to the smoother reduction in velocity (Figure 65 (a)) verified in this model when compared to the 70%

case.
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Figure 66.Comparison between the WSS obtained for each degree of stenosis during (a) systole and (b)
diastole.

Moreover, the maximum WSS is observed at the stenosis throat and its value increases with the degree

of stenosis. For 70% and 50% of stenosis, 207 Pa and 39.6 Pa of WSS are observed, respectively.

During diastole (Figure 66 (b)), there is no peak in the grey plot in the post stenotic section. This is
explained by the continuity of the recirculation in the 70% case, as clarified previously. For the 50% model,
the behavior is very similar to that obtained during diastole, only presenting lower WSS values. Regarding
the healthy model, this presents a constant value of WSS in each phase (approximately 2.3 Pa during
systole and 4.3 Pa during diastole) and shows that in a healthy situation the WSS should be much lower

than the ones verified, showing the impact of the degree of stenosis on some hemodynamic parameters.

During diastole, the maximum WSS is also observed at the throat stenosis, however, the values are much
higher than during systole. For 70% and 50% of stenosis, 480 Pa and 91.3 Pa of WSS are observed

respectively.
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The results obtained are in agreement with other studies, for instance, Mulani et al. [22] had similar
conclusions when comparing a healthy model to stenotic models with a geometry quite similar to those
presented in this study. In addition, through the analysis of these results, it can be concluded that
effectively the transient condition is extremely important to understand what happens /7 vivo and

comparing both phases of the cardiac cycle, significant differences were observed.
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Chapter 11

Conclusions and Future Directions

This chapter summarizes the main conclusions of this dissertation and suggests directions for further

research.

11.1. Conclusions

In this dissertation, a numerical and experimental study was performed to understand the influence of
coronary stenosis severity on hemodynamics. For this purpose, numerical simulations using CFD and

experimental flow analysis using a high-speed video microscopy system were carried out.

Initially, simplified numerical simulations were performed applying a stationary and laminar flow,
assuming the blood as a Newtonian fluid. These first considerations were validated with the experimental
measurements and the results presented are in good agreement. In a posterior phase, the pulsatile nature
of blood flow and the effect of turbulence modeling were studied. After data analysis and comparison with
the literature, it was concluded that the SST k-w model is the most adequate model to mimic the realistic
blood flow, and thus, it was applied in the remaining simulations. Aside the pulsatile and turbulence
conditions, the Carreau non-Newtonian model was implemented to verify its influence on hemodynamic
properties, which proved to be of little significance. However, since blood is a non-Newtonian fluid, the
subsequent simulations were performed using the SST k- w and Carreau model. From overall results, it
was observed that as the stenosis severity increases, the velocities and WSS increase and a recirculation

zone is observed in the post stenotic section when the diameter reduction is greater than 60%.

Regarding the experimental studies, these were performed in parallel to the numerical simulations. Firstly,
the printing resolution effect was studied qualitatively through observation in the microscope. Secondly,
to support the qualitative results, the roughness associated with each printing resolution was measured.
In the end, it was proved that the printing resolution influences the flow visualizations, being directly
related to an increase in roughness. Thereby, the Biofabics models proved to be a good alternative to

perform accurately /n vitro studies.

In conclusion, the main objectives proposed at the beginning of this dissertation were fulfilled, in which
numerical and experimental models capable of simulating blood flow at stenotic coronary arteries have

been developed. Additionally, with more research being conducted on coronary geometry models, it is
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expected that research findings will improve the understanding of the biomechanical pathophysiology of

CAD and its complications, and therefore, the development of new treatments.

11.2. Future Directions

The starting point for future research will lie in performing the experimental studies on the models printed

by stereolithography and compare the results obtained with the ones presented in this study.

As an extension of the developed work would be interesting, firstly, to use realistic models based on
patient-specific data and verify its impact on hemodynamic results. Secondly, the complexity of the
simulation’s models should be improved. For instance, considering the effect of elastic walls on
hemodynamics and simulate the effect of erythrocytes. The use of a multiphase model would be essential

to better understand the interaction between the plasma and the particles.

In addition, despite the CFD work used in this study assumes both Newtonian and non-Newtonian blood
flow behavior using stationary and pulsatile conditions, for the /n7 vitro study only Newtonian and steady-
state blood flow was considered. For this reason, it would be important to experimentally consider the
non-Newtonian blood behavior using an adequate blood analogue combined with unsteady flow conditions

to mimic the cardiac cycle.

Moreover, image analysis plays a significant role in these studies. Although the methodology used allowed
the validation of the numerical data with satisfactory results, improvements on the quality and resolution
of the images are needed. Hence, it is extremely important to obtain more reliable and accurate results.
Therefore, the use of a more advanced high-speed camera to perform the blood flow measurements

would be crucial to obtain better flow visualizations.

Finally, to obtain more accurate roughness results, it would be important to use an optical profilometer.
This enables a precise and non-contact surface measurement and characterization, allowing the

assessment of the roughness values of the /n vifro models.
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Appendix A

Manufacturing Process of the Stenotic Coronary
Models in PDMS

The procedure used to manufacture the biomodel to perform /n vifro studies is explained in this appendix.
After obtained the 3D printed models, they were and cast in PDMS by a soft-lithography technique. Once
obtained the printed physical models, it was prepared PDMS, a silicon-based organic polymer (Sylgard®
184), with a ratio of 10:1, where, 10 grams of the base polymer corresponds to 1 gram of its curing
agent (Dow Corning Canada, Inc.). For this purpose, a balance to weigh precisely the amounts of material
required was used and both were mixed with the aid of a spatula, until the mixture was homogenized.
After performing the mixture, it appeared air bubbles, so a vacuum pump was used to remove them and
subsequently the liquid was poured into the mold. Thereafter, the curing process was performed placing
the models in an incubator varying its temperature between 38°C and 40°C. After this process, the 3D
printed stenotic coronary arteries were removed from the mold, with alcohol help. In the end, were

obtained the final PDMS biomodels for the experimental tests as illustrated in Figure 67.

(a)

Figure 67. Main steps of the biomodels fabrication procedure: (a) fabrication of the biomodels by
means of 3D printing; (b) preparation of the PDMS; (c) pouring the polymer PDMS over the printed
biomodels; (d) remove the printed biomodels of the cured PDMS.
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