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Abstract

Atherosclerotic plaque rupture is the common pathological condition of the acute
ischemic syndromes of sudden cardiac death and acute myocardial infarction. The rupture
of the fibrous cap of a coronary plaque may result in a thrombus formation that would
prevent the perfusion of blood downstream of the myocardium. A probable cause of
plaque rupture is the mechanical stress induced by the artery wall stretching from the
physiological flow of blood and the intraluminal pressure within the coronary arteries.

We used computational fluid-structure interaction methods to analyze the effects
of coronary blood flow on stenotic atherosclerotic plaques to determine the mechanical
stresses within the plaque’s components. We analyzed the effect of the fibrous cap
thickness, necrotic core stiffness, and percentage of area stenosis on the mechanical
stresses within using comparable models of stenosed arteries. We then analyzed the effect
of transient hemodynamic flow using realistic patient-specific geometries under normal
coronary flow and pressure. The transient results were used to calculate the amplitude and
mean stress for fatigue analyses. Based on this approach, we developed several
hypotheses: mechanical fatigue in the fibrous cap is the ultimate characteristic that
triggers the rupture; fibrous cap mechanical fatigue (FCMF) can be the result of the
combined effects of the cap thickness, relative inclusion stiffness and percentage of
stenosis; FCMF can be influenced by the global structure of the obstructive pathology in
particular in the context of multiple stenoses, we also show that the anisotropic properties
of the collagen fibers within the cap can influence the rupture mechanism.

Our results indicate that the combination of a thin fibrous cap, a soft lipid core
and a large percentage of stenosis contribute to high mechanical stress magnitudes. Such
stresses in mild stenoses can have similar critical behaviors to those normally associated
with higher percentage stenoses. The global structure in multiple plaque scenarios can
also play a significant role in influencing the overall mechanical stress and thus affect the

fibrous cap mechanical fatigue.
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Résumé

La rupture de plaques athérosclérotiques est la condition pathologique la plus
fréquente impliquée dans le syndrome ischémique aigu pouvant mener a I’infarctus du
myocarde et a la mort du a P’arrét cardiaque. La rupture du cap fibreux de la plaque
coronarienne peut résulter dans la formation d’un thrombus qui peut éventuellement
empécher la perfusion sanguine en aval du lit myocardique. Une cause possible de la
rupture de la plaque est 1’établissement de contraintes mécanique induites par la
déformation de la paroi artérielle sous I’écoulement sanguin et la pression intraluminale a

I’intérieur des artéres coronaires.

Nous avons utilisé des méthodes de simulation par interaction fluide-structure
pour analyser les effets de 1’écoulement coronarien sur les plaques athérosclérotiques
pour déterminer les contraintes mécaniques sur les constituants de la plaque. Nous avons
analysé ’effet de I’épaisseur du cap fibreux, la rigidité de I’inclusion nécrotique et le
pourcentage en surface de la sténose sur les contraintes mécaniques en utilisant des
mode¢les similaires d’artéres sténosées. Nous avons ensuite analysé 1’effet de
I’écoulement hémodynamique transitoire avec des géométries réalistes spécifiques a
certains patients sous des conditions normales de flot sanguin et de pression sanguine. Les
résultats transitoires ont été utilisés pour calculer I’amplitude et la valeur moyenne des
contraintes pour les analyses de fatigue. En se basant sur cette approche, nous avons
développé certaines hypotheéses: la fatigue mécanique du cap fibreux (FMCF) est la
caractéristique ultime qui initie la rupture; la FMCF peut étre le résultat des effets
combinés de 1’épaisseur du cap, des valeurs relatives des rigidités des inclusions et le
pourcentage de sténose; la FMCF peut étre influencée par la structure globale de la
pathologie obstructive en particulier dans le contexte de sténoses multiples; les propriétés
anisotropiques des fibres de collageéne a I’intérieur du cap peut influencer le mécanisme

de rupture.
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Nos résultats indiquent que la combinaison d’un cap fibreux mince, d’une
inclusion lipidique molle et un grand pourcentage de sténose contribuent a augmenter les
magnitudes des contraintes. De tels contraintes pour des sténoses modérées peut entrainer
des comportements critiques en principe associés a des pourcentages de sténoses plus
¢levés. La structure globale dans le contexte de plaques multiples peut aussi jouer un réle
significatif pour les contraintes mécaniques et ainsi affecter la FMCF. Nos études
histologiques ont montré que I’architecture des fibres de collageéne dans le cap fibreux est
anisotropique. Ceci supporte notre hypothése que les orientations des fibres se réorientent

dans le cap fibreux ce qui peut affaiblir la résistance a la rupture.
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Statement of originality

To the best of our knowledge:

We have presented studies in this thesis suggesting that mild plaques can have
stress values similar to severe stenosis. This would help to explain the paradoxical
behavior of why plaque ruptures are more frequent in mild stenosis. Also, we have
demonstrated through numerical studies that a multiple plaque scenario can have a
different degree of vulnerability than single plaques with similar morphologies
and material properties. We have also demonstrated through numerical studies
that plaques may fail by the progression of cracks at particular spatial locations
due to the cyclic stretching nature of pulsatility. This aspect is introduced in this

thesis as the concept of fibrous cap mechanical fatigue (FCMF).

Our studies have been the first to demonstrate through numerical simulations in a
three-dimensional model that the highest stress concentrations occur in the
proximal shoulder side of the plaque. The analyses were performed considering
the interaction between the hemodynamics and the structural domain of the

components of the plaque.

We have been the first to demonstrate through the three-dimensional numerical
analyses and by using fluid-structure interaction methods that the combination of

a thin fibrous cap, a soft atheromatous core and a large percentage of stenosis
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contribute to the highest mechanical stresses in the proximal shoulder region of

the plaque.

We are the first to report that the collagen fiber architecture of the fibrous cap is
not arranged uniformly. It has preferred orientations depending on its spatial
location. Future numerical analyses should be performed considering the true
anisotropy of the fibrous cap. Our hypothesis is that the collagen fibers tend to
follow the principal stress orientations within the fibrous cap. The numerical
studies demonstrated that the principal stresses have a preferred circumferential
orientation in the healthy sections of the artery, and they gradually shift to a

longitudinal orientation as they approach the peak of the stenosis.

Our three-dimensional in-vivo reconstructions of ruptured plaques using
intravascular ultrasound showed that ruptures tend to occur in the proximal side of
the plaque. This supports our hypothesis that ruptures are associated with high
mechanical stresses that are commonly located in the proximal region of the

plaque according to the numerical analyses.

We have demonstrated through transient three-dimensional numerical studies of
coronary stenosis models that the greatest pressure drop or loss of energy occurs

during the highest blood flow rate. The energy lost is dissipated partly as



mechanical deformation of the weakest structural components of the plaque,
particularly the fibrous cap. Consequently, the highest mechanical stresses occur

also during the highest blood flow rate.
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Chapter 1 — Introduction

1.1 Introduction to atherosclerosis and atherogenesis

Atherosclerosis is a pathological condition that is characterized by the formation
of plaques that narrow the lumen of arteries. The formation of atherosclerotic plaques
within the coronary arteries can stop the perfusion of blood to the lower parts of the
myocardium and possibly lead to ischemic syndromes such as sudden cardiac death, acute
myocardial infarctions, and unstable angina [1]. This disease is the result of a chronic
inflammatory response in the walls of arteries and it involves both lipid and cellular
accumulation in the vessel wall. It is now recognized that plaque vulnerability leading to
rupture is the major cause of unstable angina, myocardial infarction, and sudden cardiac
death [15]. In this study, we discuss the effect of mechanical and pathobiological
variables involved in the physical disruption of the coronary plaque. However, it is in the
scope of this study to treat biological factors as a pre-requisite for a mechanical event to
trigger the disruption. Plaque rupture is a phenomenon that can be approached as either an
acute failure of the fibrous cap due to a sudden increase in mechanical stress, or as the
culmination of a chronic injury progression due to the cyclic stress or fatigue. We suggest
that the ultimate trigger for rupture is the failure of the plaque’s fibrous cap due to
mechanical fatigue as it is the most critical component in terms of structural stability
(Fibrous Cap Mechanical Fatigue or FCMF).

A normal artery wall is composed of three layers: intima, media, and adventitia

(Figure 1.1). The intima is normally composed of a monolayer of squamous endothelial

1



cells surrounded by a thin layer of subendothelial connective tissue called the internal
elastic membrane (IEM). The media is the thickest layer and it is mainly composed of
circularly arranged connective tissue fibers and it is rich smooth muscle cells in the
coronary arteries as these are of the muscular type. The adventitia is the outermost layer

and it is mainly composed of collagen fibers.
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Figure 1.1: The layered structure of arteries

The process of atherosclerosis begins with the infiltration of fatty substances
through the endothelium in the intimal layer of the arterial wall [2]. Elevated levels of
lipoproteins in the plasma, such as very low density lipoprotein (VLDL) and low density
lipoprotein (LDL) have been demonstrated to be associated with an increased incidence
of atherosclerosis [3]. A major cause of injury to the endothelium is the infiltration of
LDL particles, which can be oxidized and modified within the plaque [4]. Particles of
oxidized LDL (oxLDL) promote atherogenesis by altering the normally nonthrombotic

and nonadhesive endothelial surface [5]. The oxLDL particles within the plaque, free



radicals, cytokines, and growth factors can damage or activate the endothelium and result
in an increased permeability or adhesion of leukocytes to the endothelial surface as well
as their migration from the arterial lumen to the intima [6]. They also serve as an active
initiator for the recruitment of monocytes and macrophages. Also, the most common
factor for the stimulus of intimal hyperplasia is damage to the endothelium and media of
the artery, which has been implicated as the initial step in plaque formation [7,8].

The infiltration of monocytes and smooth muscle cells (SMCs) into the
developing plaque further enlarge the plaque process by two distinct processes: the
migration and proliferation of SMCs into the intima from the media and the accumulation
of extracellular matrix deposited by the SMCs such as collagen, elastin and some
proteoglycans [9]. The deposition of these matrix components by the SMCs causes an
increase in plaque size and the development of a fibrous layer that separates the plaque’s
contents from direct contact with the bloodstream is known as the fibrous cap. This layer
is mostly composed of collagen connective tissue and smooth muscle cells, and to a lesser
extent elastin and proteoglycans (Figure 1.2). Fibrous caps can vary widely in thickness,

cellular content, and connective tissue content.
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Figure 1.2: Schematic representation of the process of atherogenesis [10]

The fibrous cap’s connective tissue content depends on the quantity of growth
factors present in the cap’s region and their ability to stimulate SMCs to produce
extracellular matrix components; some cytokines produced by T lymphocytes and
macrophages can inhibit the proliferation of SMCs and their ability to synthesize
collagen. Furthermore, proteolytic enzymes secreted by foam cells present as a result of
inflammatory activity can degrade the collagenous structure of the plaque.

The plaque’s atheromatous core does not contain collagen; it is rich in
extracellular lipids, predominantly cholesterol and its esters [11]; it is hypocellular,
however, foam cells from macrophage origin are present at the periphery of the core [12];
its material properties can range from a soft consistency to a relatively rigid core in the
case of calcified cores. It is believed that macrophage foam cell death by necrosis or

apoptosis plays an important role in the accumulation of extracellular lipids [13,14].



In summary, atherosclerosis can be described as an inflammatory disease
involving inflammatory cells such as monocytes, macrophages and T cells that play an
important role in the initiation and progression of intimal hyperplasia through the
production of cytokines and growth factors that can induce SMC migration and
proliferation. SMCs in turn deposit extracellular matrix components that further enlarge
the plaque.

An adverse possible outcome of atherosclerosis is the formation of a plaque that
can lead to a total or partial occlusion of the artery or the rupture of the plaque that can
lead to a thrombus formation that could also result in an acute coronary syndrome such as

sudden cardiac death, acute myocardial infarction or unstable angina.

1.2 Plaque rupture

The rupture of the fibrous cap is clinically significant in cases where the
thrombotic response to the rupture occludes the vessel lumen to a high degree, either with
a partial or total occlusion. It is now recognized that plaque vulnerability leading to
rupture is the major cause of unstable angina, myocardial infarction, and sudden cardiac
death [15]. The contact between the plaque’s highly thrombogenic contents and the blood
flow can lead to a thrombus formation and consequently cause a complete or near-
complete occlusion of the vessel which can lead to an acute myocardial infarction. It is
estimated that two thirds to three quarters of all arterial thrombi are caused by plaque

rupture [16] (Figure 1.3).
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Figure 1.3: The four most common mechanisms of thrombi formation. The rupture of the

fibrous cap represents two thirds to three quarters of all cases [16].

Figure 1.4: A section of a specimen showing a fibrous cap rupture

It is hypothesized that hemodynamic forces and intraluminal pressure play a
significant role in the rupture mechanism of the fibrous cap through cyclic fatigue as they
induce mechanical stresses to the tissue that could lead to rupture. Recent evidence

strongly suggests that mechanical forces and biologically active processes are not



separate factors in the disruption of the plaque, but rather are intricately associated
components that can influence the stability of atherosclerotic lesions [17].

Pathologists report from histopathological studies of ruptured plaques that there
are common features shared by these ruptured specimens. Typically, ruptured lesions had
a large and soft lipid core, many inflammatory cells, and a thin fibrous cap. These types
of lesions are also associated with acute coronary syndromes [18,19,20]. While the
scientific community agrees that mechanical factors can influence the site and mode of
tissue failure, it is not yet fully understood to which extent the different mechanical
variables affect the initiation and propagation of such failure. The possible mechanisms
could be either by high mechanical stress or by mechanobiological stimulation of the
endothelium which would further promote inflammatory activity and thus induce tissue
degrading enzymes that would contribute to the weakening of the structural components

of plaque [21].

1.2.1 Mechanical factors of plaque rupture

1.2.1.1 Core stiffness

Plaques that have larger lipid cores tend to be more vulnerable to rupture than
plaques that have smaller lipid cores [22, 23] and lesions with a lipid core occupying
greater than 40% of the plaque size have a higher risk of rupture and thrombus formation
[24]. Large atheromatous cores contain more material that is softer and more compliant
than fibrous tissue. The soft material properties of the plaque can contribute to the

instability of the lesion as there is a greater stress imposed on the fibrous caps of these
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type of plaques [25]. This effect is further demonstrated in this thesis using three-
dimensional numerical models of stenosed arteries. The soft and compliant properties of a
large lipid core allow for a greater displacement of the fibrous cap since it takes less
deformation energy to strain the core than plaques that have rigid calcified or fibrous
cores.

Studies have shown that lipid-lowering agents have been successful in slowing the
progression of atherosclerosis and the incidence of acute coronary events [26]. A possible
hypothesis of this is that lipid lowering causes the plaque to be stiffer, providing a more
rigid structural support to the fibrous cap tissue. A stiffer core would require significantly
more mechanical deformation energy to be displaced in the same proportion than a soft
core. Therefore, the deformation of the fibrous cap tissue will be lower in a stiff core and

thus it will reduce its mechanical strains and consequently its instability.

1.2.1.2 Fibrous cap thickness

The fibrous cap thickness and composition is another feature that plays an
important role in determining the stability of the plaque. It is mainly composed of
collagen fibers and smooth muscle cells [27]. Imbalances in the ability of smooth muscle
cells to synthesize extracellular matrix components or the amount of proteolytic enzymes
secreted by inflammatory cells that can degrade the matrix components can affect the
stability of the plaque. Stable lesions have a significant amount of extracellular matrix in
the plaque but more importantly in the fibrous cap; unstable lesions have reduced matrix
material present. Therefore, the thickness of a fibrous cap is the result of the balance

between the synthesis of extracellular matrix and the degrading effects of proteolytic
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enzymes such as matrix metalloproteinases. Mechanically speaking, thin fibrous caps
represent a reduced traverse section area of the cap withstanding the same physical forces
exerted by the intraluminal pressure and blood flow; this translates directly into a higher

mechanical stress.

1.2.1.3 Plaque size

Another important feature that influences plaque instability is the plaque size.
However, this feature is commonly reported by clinicians as a function of the lipid core
size and not the percentage of area stenosis [28,29]. Arterial enlargement in the proximity
of stenotic plaques has been reported by Glagov [30], who studied atherosclerotic
enlargement in histological cross-sections of human hearts and found that coronary
arteries enlarge proportionally to the increase in plaque area. In this thesis, we defined the
term of plaque size to be analogous to percentage of area stenosis and assumed that no
arterial remodeling or enlargement is involved.

The percentage of area stenosis plays a very important role in the mechanical
stress concentrations within the plaque as demonstrated in the following pages in this
thesis. The presence of a stenosis in any artery affects the hemodynamic variables of
velocity, pressure, and wall shear stress. The result of the overall combination of these
variables translates into hemodynamical pressure gradient forces that act directly on the
surface of the plaque. The more severe stenoses (75% or more of area occlusion) cause a
significant change in the pressure drop or energy loss as a result of viscous and

geometrical effect due to the stenosis. This energy loss translates partly into the



mechanical deformation of the entire plaque. However, the weakest and softer structures
will suffer the highest deformations and thus high mechanical stresses.

In two-dimensional numerical finite element models used by Loree, Lee, Kumar,
and Ohayon [31,32,33,34] of cross-sectional views of diseased arteries, the high stress
regions were located at the junction between the plaque and the normal vessel, which
corresponds to the regions of rupture. However, these analyses were performed under a
two-dimensional environment of cross sections of arteries; they used intraluminal
pressure as the only variable of physical force applied to the artery wall and therefore
could not account for the kinetic energy loss effect of the axially oriented hemodynamic
flow. The work presented in this thesis had the aim of assessing the three-dimensional
stress distribution within the plaque in order to obtain the full three-dimensional stress
tensor in all spatial locations within the artery and to assess the effect of a three-

dimensional hemodynamic and transient flow.

1.2.1.4 Fatigue failure

Plaque rupture is a phenomenon that can be approached as either an acute failure
of the fibrous cap due to a sudden increase in mechanical stress, or as the culmination of a
chronic injury progression due to the cyclic stress or fatigue [35]. Analyses that consider
the realistic and time-dependent conditions of the coronary flow and pressure waveforms
acting on the plaque can provide more accurate information on the spatial and time
distribution of the stresses. Given the appropriate fatigue life curves for the soft tissue,
fatigue life could be estimated for each node in the numerical model parting from the

calculated mean stress, frequency and the amplitude of the cyclic stresses.
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We assumed an exponential pattern for the fatigue curve behavior of the fibrous
cap tissue based on the work of Gilpin [36] that demonstrated and extrapolated such

behavior based on experimental results as a function of cycles count (Figure 1.5).
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Figure 1.5: Typical exponential behavior of a stress vs. number of cycles curve

The failure criterion used to predict fatigue failure was derived from the Goodman
criterion [37] which states that the sum of the mean stress divided by the endurance limit
plus the ratio of the and stress amplitude divided by the ultimate tensile strength shall be

equal to one in order to achieve a life infinite number of cycles (equation 1.1).
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Our modifications to the Goodman criterion did not establish a value at which no
failure would occur. We rather defined a ratio of the exponential shape of the curve and
the endurance limit (equation 1.2). With this, we were able to estimate the number of
cycles before failure based on the calculated values of mean stress and stress amplitude
for each particular node in the transient numerical analyses and based on a hypothetical S-

N curve for fibrous cap tissue.

e“"+o

mean + O-amp — (O-uts - Gendurance ) endurance (1 ) 2)

endurance Guts Gendurance

We focused in the assessment of the mechanically induced and transient stresses
in the fibrous cap tissue due to the hemodynamic changes across the stenosis in a three-
dimensional field over one cardiac cycle. This three-dimensional and transient
perspective provided information on the spatial and temporal distribution of the principal
stresses to assess the possible initiation and paths of fissure propagation. Computational
finite element methods and fluid-structure interaction analysis were used to develop a
predictive model of the physical interaction between the blood fluid domain and the
diseased arterial wall structural domain. The analyses were done using realistic models
reconstructed from intravascular ultrasound (IVUS) imaging of in-vivo cases of human
diseased coronary arteries. The main physical variables of localized pressure, shear stress,
velocity and pressure gradient forces were calculated to assess their effect on the arterial
wall stresses. The transient numerical analyses provided the necessary data to compute
the individual node values of the mean stress and stress amplitude and thus the number of
cycles to failure. Using this information, we were able to introduce the concept of fibrous
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cap mechanical fatigue (FCMF). Such concept establishes that the plaque’s fibrous cap
ultimately fails by the cyclic stretching caused by the pulsatility of the artery rather than a

nominal stress threshold value.

1.2.1.5 Multiple plague vulnerability

Another factor that we considered relevant in this thesis was to analyze the effect
of the hemodynamic patterns in the presence of multiple plaques and their outcome on the
mechanical stress distribution on the plaques. To the best of our knowledge, there is no
literature mentioning the vulnerability of a multiple plaque configuration. In this research
work, we demonstrated that the mechanical stresses can vary greatly in magnitude and
location depending on the position of the plaques relative to each other, their material
properties, and their morphological features such as the percentage of area stenosis,

fibrous cap thickness, and lipid core size.

1.2.1.6 Myocardium motion

The myocardium’s extensive movement and stretching may have some impact on
the mechanical stresses within the plaque. However, we only considered an Eulerian
frame of reference to analyze the diseased section of the coronary arteries in order to
reduce the complexity of the numerical simulations and thus avoid non-convergence.
Furthermore, the element count would have had to be significantly larger to analyze the
entire coronary branch and at the same time maintain a reasonable element resolution to

assess the mechanical stresses at the fibrous cap scale level. Zeng [38] reported that the
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hemodynamic effects of the right coronary artery (RCA) motion based on cineangiograms
can be neglected in computational studies as only modest differences were found between
fixed and moving RCA models. Other studies by Ramaswamy [39] and Kolandavel [40]
have suggested that the myocardium motion does have an effect on the overall
hemodynamics, more specifically when dealing with high degrees of curvature of the
artery. For the purposes of our analyses, we only considered a straight section of the
artery under no motion as we did not have information available on the subject’s

myocardium motion from the intravascular ultrasound studies.

1.2.1.7 The role of hemodynamic flow on mechanical stresses

While many researchers have investigated the role of intraluminal pressure to
analyze the tissue mechanics and predict rupture-prone areas, few publications have
addressed the issue of the effect of blood flow, not pressure, on the mechanical stresses.
Doriot [41] performed steady-state analyses on a two-dimensional longitudinal stenosed
artery model and concluded that the flow influences the mechanical stresses of the fibrous
cap.

A common method used by clinicians to determine the mechanical tension within
the artery wall is Laplace’s law (equation 1.3), which states that tension in the vessel wall

is proportionally higher with increasing blood pressure and intraluminal diameter.

P-R

14



In equation 1.3, P represents the intraluminal pressure, R is the radius of the
external surface of the vessel, and M is the thickness of the vessel wall. Laplace’s
equation may does not account for all the structural components of the plaque. Moreover,
it only considers intraluminal pressure as the only variable that can affect the tension in
the artery wall, therefore, it cannot account for the hemodynamic effect of blood flow.
Pressure in a fluid may be considered to be a measure of energy per unit volume or
energy density. Pressure alone just represents the potential energy in the system, and it
does not account for the kinetic energy provided by the blood flow entering the system.
Moreover, the pressure term used in Laplace’s law can only be used as a single
hydrostatic value without considering the pulsatile flow changes or pressure patterns
across the stenosis. In this context, it becomes necessary to analyze the three-dimensional
and transient perspective of the fluid domain to evaluate the blood flow or kinetic energy
effects on the mechanical stresses. Realistic patterns of blood flow and pressure
waveforms of a left anterior descending (LAD) coronary artery were used to simulate the

inlet conditions of our numerical models [42] (Figure 1.6).
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Figure 1.6: Pressure and flow waveforms for a left anterior descending (LAD) coronary

artery [42]

1.2.1.8 Anisotropic properties of the tissue

Anisotropy is the property of being directionally dependent for a particular
physical property. In the context of this research, we were interested in measuring the
elastic anisotropic properties of the collagenous tissue of the plaque as it becomes
relevant when analyzing the mode of failure and crack propagation in the tissue. The
fibrous cap is a collagen fiber reinforced biological material inside a smooth muscle cell
matrix; our hypothesis is that it will behave similarly to composite materials. The stiffness
properties of any composite material will depend on the orientation of the fibers; it will
show strong properties in the direction of the fibers, and relatively weaker properties at a
perpendicular angle to them, suggesting that failure can occur in the matrix material and

propagation of such failure could follow a pattern parallel to the fibers (Figure 1.7).
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a) Matrix failure

b) Fiber failure

Figure 1.7: Failure modes of composite materials [43]

a) A matrix failure can occur if the forces are perpendicular to the fibers or they induce

shear stress. b) Fiber failure occurs when the applied forces are parallel to the fibers.

The orientation of the collagen fibers inside most biological tissues tend to be
parallel to the principal tensile stresses [44,45,46]; we hypothesized that the fibers within
the fibrous cap follow the principal stresses as predicted by computer models of stenosed
arteries under the effect of blood flow. However, our numerical models did not consider
anisotropic properties of the plaque’s components based on collagen fiber orientation as
we did not have any information regarding the true anisotropy of the tissue. Therefore, the
numerical models used in this work were considered as solid homogenous bodies. Our
main goal in the third article of this thesis was to provide a first insight into the diseased
vessel anisotropy by measuring the angle orientations of the fibers with respect to the
longitudinal axis of the vessel. We performed histopathological studies of human fibrous
caps cut in longitudinal sections in different perspectives in order to visualize the

orientation of the connective tissue by computational image processing techniques. The
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results provided by these image processing methods can help in future numerical analyses
when coupled with realistic anisotropic models and thus obtain very accurate information

on the distribution of stresses and the modes of tissue failure and crack propagation.

1.2.1.9 Viscoelastic properties

The rate at which blood travels through the diseased artery will most likely have a

significant effect in the mechanical stresses in the plaque. The simplest form of the

constitutive model for linear elastic materials can be modeled using Hooke’s law o=E¢,

where O is the stress, E is the elastic modulus of the material and ¢ is the strain occurring

under a given stress. Similarly, the viscoelastic behavior can be modeled with the

Maxwell equation:

d¢_o, 1do
dt n E dt (1.4)

Where 7) is the viscosity of the material, 0 1s the mechanical stress, de/dt is the

time derivative of the strains, do/dt is the time derivative of the stress, and E is the

Young’s modulus of the material. Under a viscoelastic scenario, the material stresses in
the plaque would be suffering higher or lower stress values depending on the rate of
strain. In normal coronary flow waveforms there is a steep rise in flow at the beginning of
diastole. Based on our numerical results further explained in the second article number of

this thesis, this rapid rise in blood flow has a great impact on the mechanical stresses and
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it may initiate plaque fissuring. Our analyses did not consider the viscoelastic properties

of the tissue as they are still unknown for the fibrous cap tissue.

1.2.2 Biological factors of plague rupture

1.2.2.1 Inflammation

Inflammation is the biological response of the body to injury, pathogens or
irritants. It is a protective attempt of the organism to remove the injurious stimuli and
initiate the healing process of the tissue. In the initial stages of its process, inflammatory
cells have a protective function. However, when the inflammation reaches a chronic
stage, secretory products from the same cells may damage tissue components and thus
induce even more inflammatory activity to repair the newly damaged tissue [47].

A number of studies have shown that atherosclerosis is an inflammatory process
as a number of inflammatory mediators have been detected in plaques [48, 49]. The
inflammatory processes can stimulate the synthesis of extracellular matrix components
and reinforce the structural integrity of the plaque. On the other hand, the same
inflammatory process can stimulate the degradation of the connective tissue through the
secretory products of inflammatory cells or by inhibiting the collagen production in the
fibrous cap and thus induce plaque instability. Intraplaque inflammation is closely related
to plaque ruptures [50, 51].

Another mechanism for the weakening of the plaque caused by inflammatory
activity is the inhibition of collagen production in the fibrous cap. Smooth muscles cells

(SMCs) produce all the matrix components of the plaque: collagen, elastin and some
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types of proteoglycans. The T-cell cytokine, IFN-y, produced by activated T lymphocytes

and macrophages in plaques, inhibits the proliferation of SMCs and thus can decrease

their collagen synthesis capabilities [52].

1.2.2.2 Extracellular matrix degradation

A mechanism that may assist and result in plaque rupture is the weakening of the
fibrous cap through the degradation of the extracellular matrix, the component of the
plaque that provides its structural integrity. The matrix is degraded by proteolytic
enzymes called proteases, of which the main type that are associated with unstable
plaques are the matrix metalloproteinases (MMPs) [53]. More than 20 types of the MMP
family of enzymes have been identified so far and each can degrade at least one and
sometimes several components of the extracellular matrix [54]. In human atherosclerotic
plaques there is increased expression of MMPs in the regions where ruptures commonly
occur. Studies have demonstrated the presence of active enzymes such as MMP-1, MMP-
2, MMP-7, MMP-9, and MMP-12 as an expression of macrophages present in the plaque
[55,56]. The activity of these enzymes can result in an accelerated weakening of the
matrix proteins of the plaque, in particular collagen type I, the main protein type of

connective tissue in the fibrous cap.
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1.2.3 Summary of the biomechanical factors involved in plaque rupture

In the following table we present a summary of the factors that are known to be
associated with the disruption of the coronary plaque and that were discussed in this
chapter:

Physical, Mechanical, Morphological

e Area stenosis

e Fibrous cap thickness

e Core stiffness

¢ Intraluminal pressure magnitude

¢ Blood flow magnitude

e Anisotropic properties of the tissue

e Fatigue failure

e Multiple or single plaque configuration

e Viscoelastic properties of the tissue

e Stretching and flexing of the myocardium
Biological

e Active intraplaque inflammatory processes

e Increase in macrophage activity

Extracellular matrix degradation through MMPs

Decreased or inhibited collagen synthesis by SMCs

Table 1. Summary of the factors that may affect plaque instability
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The respective role of biological and mechanical variables in the rupture of
vulnerable plaques (VP) is not completely elucidated. Although it was shown that
ultimately the rupture process is biologically rooted, mechanical variables play an
important role both for the initiation and progression of the disease. Mechanical variables
are always present before and during the pathology and are directly involved in its
evolution. In fact, given that the mechanical disturbances get more important with plaque
morphological changes the mechanical variables contribute to accelerate the progression
of the pathology.

However, the detailed mechanisms responsible for the plaque rupture are not
completely known. In fact, vulnerable plaques exhibit some paradoxical features. Indeed,
they generally have small percentage stenoses (< 50 %). Given that the associated
hemodynamic perturbations are less than with larger plaques, this raises questions in
terms of the reasons why they are the ones more prone to rupture.

As previously discussed, certain biological characteristics have been correlated
with vulnerable plaques (MMPs, thin fibrous cap, large lipid inclusion in the vicinity of a
hard inclusion). However, we think that certain anatomico-structural aspects that were
unexplored before could play a significant role in the rupture of VP. We hypothesize that
these aspects would also contribute in answering the paradoxical behaviours of VP. We
consider three such mechanical variables that could play an important role in the rupture

of VP.
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1.2.4 Summary of hypotheses

In this section we present a summary of the most relevant hypotheses and results

of plaque rupture analyses that were based from the explanations addressed in this thesis.

We hypothesize that mechanical fatigue in the fibrous cap (FC) is the ultimate

characteristic that triggers the rupture. For this, we have elaborated three main hypotheses

and have demonstrated them through the results obtained in this thesis:

Hypothesis:

Results:

Fibrous cap mechanical fatigue (FCMF) is the result of the combined
effects of the cap thickness, relative inclusion stiffness and percentage of
stenosis. This possibility was recently suggested by Finet [57] but still
remains unexplored.

In chapters 2 and 4 of this thesis, we confirm the hypothesis of the
combined effects and we show that FCMF of VP exhibit similar critical

behaviours normally associated with higher percentage stenoses.

Another underexplored observed phenomenon in the fact that for similar cap thickness,

similar relative inclusion stiffness and similar percentage stenosis, certain plaques appear

to be more stable.

Hypothesis:

Results:

FCMF can be influenced by the global structure of the obstructive
pathology in particular in the context of multiple stenoses [58, 59]. This
specific hypothesis is supported by a recent case report [60].

In chapter 4 of this thesis, we show that in the case of multiple stenoses

(modeled as two adjacent stenoses) that FCMF is higher when the VP is
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downstream of a stable plaque (SP) as compared to a VP upstream of a SP.
The effect can be maximum with a specific stenosis to stenosis distance
(depending on plaque morphologies, material properties and hemodynamic
conditions) and a relative angular eccentric position of 180 degrees from

each plaque.

VP are also known to be more prone to rupture under physical exercise [61, 62]. In

addition, to the previous mechanical conditions that become more severe under exercise

and the recent involvement of C-reactin [63].

Hypothesis:

Results:

We also hypothesize on the possible role of the ultrastructure of the FC for
the FCMF. Specifically, we considered the anisotropic effects of the

collagen fibers architecture in the caps.

In chapter 6 of this thesis, we show that the anisotropy of the collagen
fibers is strongly dependent on the stress in the FC. In fact, the collagen
fibers align with the principle stresses orientations to sustain the new
loading conditions. As a result, for certain plaque morphologies the
collagen will establish a certain anisotropy (characterized with a
transversely anisotropic model with certain values angular orientations of
the fibers). This new arrangement is mainly established under rest
conditions. However, at exercise the plaque is deformed due to an increase

of blood pressure and flow rate which create new loading conditions for
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which the deformed fibers arrangement with respect to rest condition

render the composite fibrous cap fragile.

The rupture of the fibrous cap is a complex phenomenon that is not yet fully
understood. The analysis of the interaction between all the possible mechanical and
biological variables involved in a heuristic approach makes the analysis a very
challenging task. Furthermore, the exact biological responses of cells from mechanical
stimulation are still an unknown issue. Instead, and in order to simplify the work in this
thesis, we only considered the mechanical variables to be the triggers of plaque
disruption; the biological onset of a vulnerable plaque was considered to be a prerequisite

for a mechanical event to trigger the disruption of the fibrous cap.

1.3 Imaging methods to assess plaque vulnerability

The current methods and technologies employed by clinicians to assess plaque
vulnerability can only assess the severity of the lesion in terms of measuring the
percentage of area stenosis or measuring the morphological features of the fibrous cap.
For example, coronary angiography is a luminographic method that only visualizes the
silhouette of the lumen by injecting contrast media that is visible in X-rays; however,
angiography may fail to demonstrate the severity of the disease in complex lesions with
highly eccentric luminal shapes. Intravascular ultrasound (Figure 1.8), and optical
coherence tomography (OCT) can image with good detail the morphological or material

features of the plaque.
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Figure 1.8: Intravascular ultrasound image trace of a diseased coronary artery.

Laser spectroscopy can identify the material properties of the plaque by studying the
spectral content of white light diffusely reflected from biological tissue; or by studying
the fluorescence emissions of the tissue when excitation light is present. These
technologies allow to characterize the lesion’s properties by identifying calcified
inclusions, fibrous tissue and fibro-fatty components within the plaque as well as their
material compositions and properties. The clinician can then assess the degree of the
lesion vulnerability by personal experience or by statistical references of the features of
the plaque. However, these methods for plaque vulnerability assessment are semi-
empirical as they still make use of statistical references on the plaque’s features as a guide
to determine whether it will fail or not. Intravascular elastography is the only technology
that was developed to indirectly assess the mechanical stresses by measuring the localized
plaque compression values per angle from IVUS images. Circumferential stresses can
then be calculated from the radial strains measured from these images. IVUS, OCT, and
elastography can only analyze the plaque’s morphology in a two-dimensional cross-
sectional view and thus their analyses do not account for the three-dimensional physics

that occur in the diseased artery.
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As mentioned before, plaque vulnerability is not only a mechanical process, but a
combination of both mechanical and biological factors that may trigger plaque instability.
A technique that could deterministically assess the mechanical stresses in three-
dimensions coupled with a technology that could identify inflammatory activity in-vivo
would be desirable in order to further refine plaque vulnerability prediction.

The work done in this thesis uses a deterministic approach by numerically calculating
the mechanical stresses of the fibrous cap in a three-dimensional field as a measurable
variable that can be correlated with tissue failure experiments. Transient blood flow
effects are considered in the analyses in order to better understand the hemodynamic

effect on the mechanical stresses of the fibrous cap.

1.3.1 Morphological reconstruction of diseased vessels through

intravascular ultrasound

The reconstruction of the three-dimensional geometry models of the diseased vessels
was done using a series of multiple IVUS segment images. The reconstructed models
were used for the fluid-structure interaction computational analysis to obtain the
mechanical stresses. Patient-specific cases of diseased coronary arteries were
reconstructed using IVUS images of cross-sectional views in the longitudinal direction.
All TVUS segment images were created using motorized pullbacks of the ultrasound
transducer commencing from the distal side of the stenosis. Only those segments
distanced 1 mm apart were kept in order to simplify the 3D geometry reconstruction
process even though the IVUS pullback was able to interrogate images at higher

resolution intervals. The distance between segments of 1 mm was chosen as it provided
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results with sufficient details when connecting each of the segments using a loose fit
spline-based swept surface. Our goal was to reconstruct a surface that avoided jagged
edges or discontinuities in the numerical model that would later influence the mechanical
stress results. At distances of less than 1 mm (say 0.5 mm), the swept surface produced an
unrealistic bumpy surface produced by the small inaccuracies of the traces of each
segment at different points in time during the cardiac cycle.

For each IVUS segment, the lumen boundaries were traced at the innermost
echogenic layer: the internal elastic membrane (IEM), which is located in the intimal
layer. Since there is no acoustic interface between the true adventitia and the perivascular

tissue [64], it becomes difficult to assess the true size of the adventitia. Therefore, it was
assumed that its outermost layer was located at a mean offset distance of 100 yum [65]

from the external elastic membrane (EEM) which is located at the medial-adventitial
interface.

The coronary arteries are of the muscular type and are normally composed of three
layers: intima, media and adventitia. Since intravascular ultrasound (IVUS) cannot clearly
distinguish the boundary between the intima and the media or the outermost surface of the
adventitia, the artery walls were reconstructed in 3D as a single homogeneous body
comprising all three layers from the innermost surface of the lumen up to the outermost
layer of the adventitia. In the presence of an atheromatous core, the fibrous cap tissue
would be part of the same single body as the artery wall and thus share the same
mechanical properties in the numerical models of the stress analyses.

The contour lines were hand traced and smoothed with spline curves using

commercial software (Rhinoceros v3.0, Palo Alto, CA) in order to avoid jagged edges or
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singularities in the geometry that would result in artifactual stress concentrations when
performing the fluid-structure interaction computational analyses as a result of unrealistic
sharp corners. None of the reconstructions considered the three-dimensional spatial path
of the catheter and therefore the geometries were reconstructed only in a straight
formation as there was no curvature data available from the IVUS records (Figure 1.9).

A high level of curvature of the vessel segment could potentially affect the numerical
results as it can influence the hemodynamic variables such as velocity or wall shear stress
to be of greater magnitude in one side of the vessel or plaque. The patient-specific
configuration of the vessel would ultimately determine the level of stress of a plaque

when comparing a straight formation vs. a curved vessel.

Plaque 2

Plaque 1

Figure 1.9: Traces of each IVUS segment and the respective 3D reconstruction

Using the same methodology of IVUS segmentation, we also reconstructed seven
cases of in-vivo ruptured plaques as they would prove helpful in a reverse engineering
approach to determine the true morphology and accurate location of the rupture of the

plaques and to better understand how plaque fissuring occurs in real life scenarios.
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1.4 Computational methods to assess plaque vulnerability

The complexity of the geometry of the plaque, fibrous cap, and necrotic core make
it difficult to derive an analytical solution to calculate the mechanical stresses within the
plaque’s components. Moreover, an analytical solution of patient-specific geometries
would prove to be an even more difficult task. Instead, we opted for the analysis of
mechanical stress through well known the computational method of finite element
analysis (FEA), and fluid-structure interaction (FSI); both methods use the finite element

method (FEM) as the basis for numerical calculations.

1.4.1 Finite element method for structural analysis

The Finite Element Method (FEM) is a commonly used tool to find approximate
solutions of partial differential equations and integral equations over complex domains.
The solution approach is based by approximating the equation to be studied by creating
another equation that is numerically stable and does not amplify errors when solving
iteratively. A mesh discretization of a continuous domain is performed by dividing such
domain into finite triangle subregions or piecewise linear or higher degree basis functions
for solution of second order partial differential equations.

The analyses used computational geometric models of stenosed coronary arteries
of typical dimensions. The stenosis models were treated as separate compliant bodies of
various degrees of stiffness. Figure 1.10 shows an example of the element discretization
for the continuous domain of the artery and including two separate bodies representing

the atheromatous cores of the plaques. The grid of arranged elements is called a mesh.
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Each element is connected to each by discrete points called “nodes”, and the number of
these depends on the complexity of the element type that would best serve as a solution
for a specific analysis. Nodes represent points at which features such as displacements or
strains are calculated and they serve as an identification tool when viewing the solutions
in structures. Since the scope of this research was to determine the mechanical stresses
only at the regions where a plaque and a fibrous cap were present, we only looked at the
post-processed results of nodes in the nearby regions adjacent or on top of the plaques in
order to have a more accurate statistical measurement of the stress concentrations; but the
analyses were performed considering the full set of nodes. The type of element used in
our models was SOLID187 and it is a 10-node high order, quadratic displacement
behavior element that is well suited to model highly irregular meshes such as the one

from figure 1.10.

Nodes of interest

Nodes of interest

Figure 1.10: Element-discretized domain or mesh for the artery wall and plaque’s
domains
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1.4.2 Computational fluid dynamics for solving the fluid domain results

The same principle of discretization of the fluid domain into elements is used for
computational fluid analysis. The basic principle of solving models in fluid domains is to
numerically approach a solution of the Navier-Stokes and continuity equations (equations
1.5, 1.6). These equations establish that any changes in the momentum in infinitesimal
volumes of fluid are the sum of the viscous forces, changes in pressure, gravity, and other
forces acting inside the fluid; and they dictate a velocity result rather than a strained

position as in solid mechanics theory.
ov )
P E+V-Vv =-Vp+uV-v+f (1.5)

Vov=0 (1.6)

The inlet conditions were established using normal transient coronary blood flow and
pressure values (Figure 1.6). Once the fluid domain results were available for a particular
timestep (Figure 1.11), they were coupled with the structural domain to obtain the
mechanical stresses of that particular timestep. Blood properties were assumed to be
constant in all analyses: incompressible as the water content in the plasma is very high
and the viscosity was kept at 3.6 centipoises. No turbulence models were used in the CFD
analyses as the typical Reynolds number of blood flow in the coronaries is relatively low

(around 200). Moreover, turbulence models such as k-Epsilon, k-Omega, eddy viscosity
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transport equation, Omega Reynolds stress, etc. usually required several unknown
parameters from blood viscous properties that would have to be assumed also. For
simplicity of the model, we used a non-turbulent fluid domain model. However, such

CFD model still allowed for flow separation and recirculation.

b)

Figure 1.11: Three-dimensional fluid domain results of the lumen of a double plaque

scenario: a) velocity vector field and b) lumen surface pressure

1.4.3 Fluid-structure interaction method

Fluid-structure interaction (FSI) occurs when a fluid interacts with a solid
structure, exerting pressure that may cause deformation in the structure and alter the flow
of the fluid itself. The only physical variable of communication between the fluid and
structural domains of the model is pressure, which is derived from the numerical results.
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Two approaches are used when solving fluid-structure interaction models: one-way
coupled and fully coupled methods. The one-way coupled method only applies the
undeformable fluid domain results onto the structural domain at each time step; this
method has the advantage that it consumes significantly less computational time than the
fully coupled method and was used when we performed in the first article of this thesis
the numerous sensitivity analyses of the different variables that might affect plaque
stability. The fully coupled method solves by applying the results of the fluid domain
onto the structural domain; this causes a deformation of the latter and subsequently
affects the fluid domain (e.g. the expansion of the fluid domain volume as a result of
artery diameter enlargement due to intraluminal pressure). The following time steps will
have different fluid and structural domain shapes as they progress forward in time. This
type of analysis was used when a transient inlet condition was imposed in the model to
obtain accurate information on how transient waveforms of blood flow and intraluminal

pressure affect the mechanical stresses within the plaque’s constituents.
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Chapter 2 — Article: “Fluid structure interaction
numerical studies on the assessment of mechanical
stress of the coronary atherosclerotic plaque”

Authors:

Ramses Galaz, Rosaire Mongrain, Richard Leask, Jean Claude Tardif.

Objectives:

e To analyze multiple scenarios of plaque configurations under a constant static
flow.

e To construct a sensitivity analyses based on the different morphological variables
that are reported by pathologists to influence plaque rupture: plaque size (as a
percentage of stenosis), fibrous cap thickness and the material properties of the
core ranging from very soft (lipid pool) to very hard (calcified plaque).

e To introduce the concept of fibrous cap mechanical fatigue (FCMF) as the result
of the combined effects of fibrous cap thickness, relative inclusion stiffness and

percentage of stenosis.

Hypotheses:
e Thin fibrous cap thickness can increase the mechanical stress within the plaque.
e Large percentage of stenosis can increase the mechanical stress.
e Soft atheromatous core can increase the mechanical stress within the plaque as it
may act as a weak structural foundation and thus allows greater mechanical

deformation.
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Pressure drop is related to energy losses and high mechanical stresses.

The analyses presented in this chapter are aimed at demonstrating the effects of
the combination of certain mechanical and morphological variables such as
fibrous cap thickness, inclusion stiffness and percentage of stenosis under a
constant stable flow (i.e. no transient analyses). These results will serve as a basis
in the next chapters for doing analyses with time-dependant flow in order to
properly determine the cyclic stress amplitude and mean stresses to calculate a
fatigue life for each node in the numerical analyses. Our hypothesis establishes
that fibrous cap mechanical fatigue (FCMF) is the ultimate trigger for plaque
disruption and it is the end result of the combination of certain mechanical and

morphological variables coupled with time-dependant flow conditions.
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2.1 Abstract

Cardiovascular diseases are the leading cause of death in developed countries.
Atherosclerosis is a chronic inflammatory response that narrows the lumen of arteries by
a gradual deposition in the vascular wall of fatty substances, cholesterol crystals, cellular
waste products, calcium minerals, and the growth of connective tissue [66, 67]. These
localized pathological lesions are known as atheromatous plaques. Covering the plaque’s
core is a protective layer of connective tissue called the fibrous cap. The rupture of this
layer has been extensively associated as one of the causes of acute myocardial infarctions
[1].

In this study, we analyzed the role of material properties and morphological
features of the plaque that are commonly associated with those characteristic of
vulnerable plaques. The thickness of the fibrous cap, the percentage of stenosed area, and
the stiffness of the core were studied to quantify their effects on the plaque’s mechanical
stress state by performing analyses using computational fluid-structure interaction
methods.

The numerical results yielded a pressure drop in the fluid domain across the
stenosis attributable to energy losses due to viscous and geometric effects. When these
pressure gradient results were applied onto the interface surface, the mechanical stress
levels significantly increased within the fibrous cap structure at the upstream side of the
plaque. The highest stresses were calculated when a severe stenosis and a thin fibrous cap
were present. Moreover, a weak structural support such as a soft lipid pool beneath the

fibrous cap allowed for the hemodynamic pressure gradient forces to displace the fibrous
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cap in the direction of the flow, resulting in higher strains and thus higher mechanical
stresses, potentially increasing the risk of cap rupture.

When we analyzed the peak stress behavior of the most critical cases of thin
fibrous cap and soft core at various degrees of stenosis, we found that there is a “plateau”
region between the percentages of stenosis of 43% and 75% with a relatively small slope
in the plot. These similar stress values could help explain the paradoxical behavior that
mildly stenotic plaques can rupture as they are subjected to mechanical stresses similar to
those of severe stenoses.

In conclusion, the particular combination of a mild to severe stenosis, a thin
fibrous cap and a soft lipid core resulted in the highest mechanical stresses calculated at
the proximal side of the plaque. These results help to explain the clinical observations of

characteristic features of ruptured plaques [18,19,20].

2.2 Introduction

Atherosclerosis, a very common cardiovascular disease, is a chronic inflammatory
response in the arterial walls that narrows the lumen of vessels by a gradual deposition of
fatty substances, cholesterol crystals, cellular waste products, calcium minerals, and the
growth of connective tissue [66, 67]. These localized pathological lesions are known as
atheromatous plaques. Covering the plaque’s core is the fibrous cap, which is a layer of
fibrous connective tissue and smooth muscle cells that prevent the core’s highly
thrombogenic contents from being in contact with blood. The rupture of the fibrous cap
either by mechanical or biological factors may trigger a biological response of platelet

activation and subsequently thrombus formation. It is estimated that two thirds to three
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quarters of all arterial thrombi are caused by plaque rupture [16]. This event could
potentially occlude the vessel and stop the blood perfusion downstream, resulting in an
acute myocardial infarction. Clinicians have established from histopathological studies
that ruptured plaques share certain morphological and biological features that would
make them more vulnerable to rupture. Unstable lesions with a large and soft lipid core,
many inflammatory cells, and a thin fibrous cap are typically associated with acute
coronary syndromes [18,19,20]. It is now recognized that plaque vulnerability leading to
rupture is the major cause of unstable angina, myocardial infarction, and sudden cardiac
death.

Many authors have proposed that physical factors such as hemodynamics, material
properties and morphology play an important role in plaque rupture as they influence the
mechanical stress distribution in the fibrous cap tissue [32, 68, 69, 70, 71]. Moreover,
some have shown through 2D finite element models of cross sectional views of stenosed
arteries that the high stress zones correspond to the culprit zones in histopathological
studies.

While there is agreement in the scientific community that mechanical factors
influence the site and mode of tissue failure, it is not yet fully understood to which extent
the different mechanical variables, such as shear or tensile stress, affect the initiation and
propagation of such failure. The possible mechanisms could be either by high mechanical
stress or by mechanobiological stimulation of the endothelium which would indirectly
promote inflammatory activity and thus induce tissue degrading enzymes that would
weaken the structure of the fibrous cap [16].

Studies have shown through 2D finite element models of cross-sectional views of

stenosed arteries that the high stress regions correspond to the culprit zones in
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histopathological studies. However, 2D models do not fully represent the true state of the
stress tensor in both the structural and fluid domains. Therefore, in order to have a better
understanding of the true physical events taking place in the diseased vessel, it becomes
necessary to use 3D models as they would provide more accurate numerical evidence on
the spatial stress distribution and the longitudinal component of the shear stress caused by
blood flow. Moreover, when combined with localized anisotropic material properties and
a mechanical failure criterion, the analyses would define the proper orientation and the
extent of fissure propagation. The 3D numerical results would serve as a basis to compare
the spatial location of the fissures with clinical evidence that often reports plaque rupture
locations such as the upstream regions of the stenosis [72, 73].

A histopathological study of patients who had died during physical exertion
showed that ruptures were commonly located in the midcap regions of the plaques, while
those who died at rest showed shoulder rupture predominance [74, 75]. This suggests that
different mechanisms act on different cases and that mechanical stress does play a role as
physical activity increases the cardiac output. It has been proposed that lateral plaque
shoulder ruptures are the result of cyclic tensile stress of the pressure wave [75] and that
the high shear stress upstream of the plaque induces fibrous cap thinning [76].

In this study, we evaluate the role of 3D mechanical stress as a factor that may
contribute to the vulnerability of plaques, emphasizing the morphological and material
property features. The physical interaction between blood flow and the tissue are
examined using fluid-structure interaction computational models of well defined and
unbiased geometries of coronary arteries with varying degrees of stenosis. The thickness
of the fibrous cap, the size of the lipid pool and the stiffness of the core were studied to

quantify their effects on the plaque’s mechanical stress. These three variables have been
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described by pathologists and clinicians as those that might increase plaque vulnerability

[18, 19, 20].

2.3 Methods

2.3.1 Mathematical models

The plaque is a complex structure and its analysis is facilitated by breaking down
the structure into simpler components. The particular geometry of the stenosis makes the
problem mathematically difficult to solve for the structural and fluid domains by using
elasticity theory and the Navier-Stokes equations. Furthermore, the problem becomes
even more challenging when the structural and fluid equations are coupled, resulting in
the deformation of both domains. Simplified approximations of the problem’s physics
were done using ideal models to analyze the hemodynamic disturbances due to the

presence of a stenosis.

2.3.2 Mathematical model for the structural domain

The coronary arteries are of the muscular type; containing mainly smooth muscle
cells in the media and to a smaller extent collagen and elastin fibers that have different
mechanical properties and that are not well organized into layers as with elastic arteries.
For simplification in our analyses, it was assumed that no anisotropic changes existed
within the material properties of the structural domain. Therefore, the entire structure of

the arterial wall and fibrous cap were modeled with the same mechanical characteristic.
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In order to obtain the proper theoretical values of material properties and the
respective magnitudes of stress, ideal coronary artery models were treated as perfect
cylindrical geometries since for that case the exact solution for a thick wall cylinder under
internal pressure is known; this solution was derived from elasticity theory and it is

known as the Lamé equations [77] (Equations 2.1-2.3).

a’p,—b’p, (p—p,)a’b’
o = b? _ a2 - (b2_;2)r2 (2.1)
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We defined the values of the lumen radius a = 1.5 mm and external vessel radius
b = 2 mm based on typical dimensions of coronary arteries in the proximal side of the
coronary branch where most plaque ruptures occur [78]. The internal pressure p; was
defined as the normal average intraluminal pressure of 100 mmHg (13.3 KPa), while the
external pressure p, was set to 0 mmHg relative to the normal pressure of 1 atmosphere.
The material was assumed to be incompressible due to the high water percentage content
in the tissue, therefore a Poisson’s ratio of v=0.49 was defined. Equation 2.3 yields the
radial displacement u, and it was solved for the elastic modulus E that corresponded to the
typical maximum luminal diameter expansion of around 5% under normal hemodynamic

conditions for healthy coronary arteries [79]; the approximate value of E was calculated
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at around 800 KPa and agrees in the order of magnitude with other reports of linear
elastic modulus values [32, 68].

A well known fact is that the stress-strain curve of cardiovascular tissue behaves
as a hyperelastic material model [80], thus a non-linear material would be more
representative of the global mechanical deformation. However, the values of the strains
which the coronary arteries are subjected to under normal physiological conditions are
well within the linear elastic region of the stress-strain curve before the hardening region.
Using equation 2.2 with these parameters, a maximum stress value of 47.6 KPa was
calculated for the inner surface of the cylinder that yields a strain value of 0.059; this
strain level is well below the hardening value of about 0.20 seen in the stress-strain curves

of human coronary arteries [81].

2.3.3 Mathematical model for the fluid domain

The presence of a stenosis acts as a resistance in the arterial hemodynamics and
this constriction causes a pressure drop in the flow. For purposes of the validation of the
fluid numerical results, we used a mathematical model developed by Back et al [82]
(equations 2.4 - 2.8); this model considers that the overall pressure drop can be
approximated by summing up the geometric and viscous losses along the stenosis. Figure
2.1 depicts the sections used by Back, which include a conical section at the entrance, a

cylindrical passage in the throat of the stenosis and an expansion cone.
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Figure 2.1: A schematic model of a stenosis: a) conical converging section, b) cylindrical

throat, c) expansion cone

The corresponding pressure losses from the Back model [82] are:

Aptotal = Apfc + Apfs + Apcon - Apexp (24)
128nL 1
ap, =210 2.5)
7d,
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ap, =258 2.6)
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Equation 2.4 describes the sum of all the pressure drop or gain terms, Apy. represents the
viscous factors in the conical entrance, Apg is the loss in the straight section of the
stenosis and is derived from Poiseuille’s law, Apcon accounts for the loss due to the
geometrical constriction and is also derived from Bernoulli’s equation and Apey, is the

pressure gain due to the sudden conical expansion and the resulting velocity decrease.

Other models have taken a similar approach, Young and Tsai [83] proposed a semi-
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empirical method that provides good results but requires more intricate experimentation

to obtain the semi-empirical coefficients.

2.4 Computational models

2.4.1 Computational model for the structural domain

To assess the magnitude of mechanical stress within the fibrous cap, a sensitivity
analysis was performed by creating an ideal geometry of the diseased artery wall and by
varying the values for the three features mentioned. The analyses were done with finite
element software capable of performing fluid-structure interaction. In order to be
consistent with the analytical models, a set of computational models were created as
simple cylindrical shapes with the typical dimensions of the proximal third of coronary
arteries, where most plaque ruptures occur and where they represent the most danger of
obstructing blood flow to large regions downstream of the myocardium [78]. These
dimensions were set to be 3 mm for the lumen diameter of the artery, 0.5 mm for the
artery wall thickness, 20 mm for the length of the cylinder and 15 mm length for the
stenosis, which corresponds to a slightly diffuse thickening; the center of the stenosis was
located at x = 10 mm. The stenosis geometry was modeled as an eccentric blister type
protrusion using symmetrical Gaussian curves along the longitudinal axis and different
heights to account for the different degrees of stenosis.

The size of the plaque was controlled by varying the height of the longitudinal

Gaussian curve that defined the typical stenosis shape and the values ranged from 19% to
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91% stenosed lumen area. The thickness of the fibrous cap ranged from 200 to 500

microns (Figure 2.2).
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Figure 2.2: Geometric 3D models of stenotic arteries and their respective percentage of

stenosed lumen area shown with a fixed fibrous cap thickness.
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The stiffness of the necrotic core values ranged from a very low Young’s modulus
E. = 0 Pa representing a soft lipid core to a very high number E. >> E,,,; representing a
very stiff object such as calcifications. A value y was defined to be the stiffness ratio

between the core and the artery wall.

y=— (2.9)

Since no large deformation mechanics are present in the system, plain elastic and
isotropic material properties were defined for the arterial wall and the fibrous cap with the
previously calculated value of E,=800 KPa obtained from the Lamé equations. A total of
80 individual fluid structural interaction analyses were performed by combining the three
main variables of study (4 levels of stenosis, 5 stiffness ratio values, 4 levels of fibrous
cap thickness). The percentages of area of stenosis were set at four different values (36%,
51%, 75%, and 91%) that were the most representative for each stage of the stenosis
instead of the total 10 cases (from 19% to 91%) to avoid the time consuming task of

doing a much larger number individual analyses. The fibrous cap thicknesses were
defined using 4 values ranging from 200 to 500 microns, and the stiffness ratios y were

defined using 5 different values ranging from 0.001 to 1. The results of these individual

analyses were used to construct a surface plot of the peak stress values within the plaque.
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2.4.2 Computational model for the fluid domain

The fluid domain was analyzed using a standard commercial computational fluid
dynamics package (ANSYS CFX, Canonsburg, PA). The fluid was assumed to be
Newtonian as it has been reported to be a reasonably good approximation due to the large
content of water based plasma in the blood and the size of the coronary arteries [84].
Normal hemodynamic parameters were defined as follows: maximum average phasic
coronary flow of 100 ml/min [42], blood viscosity of 3.6 centipoises and a base inlet
pressure of 100 mmHg were used. The values for the flow rate were fixed to be able to
study only the morphological and material properties features. The fluid was analyzed as

steady and fully developed flow with the averaged conditions over one cycle.

2.5 Results

2.5.1 Computational fluid dynamic results with analytical validations

The presence of any stenosis in the vessel resulted in a pressure drop effect
(Figure 2.3). The magnitude of the pressure drop between the proximal and distal sides of
the plaque increased as the percentage of stenosis was higher; these values were
consistent with catheter-based clinical measurements of pressure differences at several
percentages of stenosis [85]. The same behavior of the pressure drops has also been

reported by Mates [86] for an eccentric coronary stenosis.
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Figure 2.3: Central streamline pressure drop across different percentages of stenosis from

the numerical analyses

In particular, it is observed that there was an important increase in pressure loss
for lesions causing more than 75% area stenosis; this is also coherent with the clinical
observations [85]. It is also interesting to note that for stenoses below 50% in area the
pressure loss is relatively negligible. This suggests that pressure loss is not the
predominant mechanical variable involved in plaque rupture of mild stenoses.

As a validation procedure for our model we compared the mathematical
model by Back et al [82] and clinical observations by Baumgart [85] with the
computational results (Figure 2.4). The clinical values were provided with percentage
stenosis data, but lacked information on the overall length of the stenosis; this could
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explain the poorer agreement between the clinical data and the models after 60% stenosis
as the length of the lesion can further contribute to total pressure losses. Nevertheless,

these results support the validity of our models.
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Figure 2.4: Comparison of the mathematical model developed by Back et al [82], clinical

measurements [85] and numerical results.

Blood velocity and wall shear stress were also extracted from the analyses
(Figures 2.5, 2.6) and used for validation of the numerical results against the
mathematical formulas and known clinical data. The entrance velocities at the non-
stenosed sections of the artery were calculated at 24 cm/s (Re = 200) and the peak
intrastenotic velocity for the 91% stenosis was 3.3 m/s; these values are consistent to

those reported by Krzanowski using Doppler ultrasound velocity measurements of
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diseased coronaries [87]. Wall shear stress was computed at 3.5 Pa at the non stenosed
sections and reached a value of 190 Pa at the peak of the 91% stenosis. The pressure
gradient force is a measure of the change of pressure along a distance. It results in the net
force created from high pressure zones to low pressure zones. Figure 2.7 shows the values
of the pressure gradient forces acting on the surface of the stenosis, with their highest

magnitudes occurring on the upstream side of the plaque.
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Figure 2.5: Central streamline velocity across different percentages of stenosis
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Figure 2.6: Plaque surface wall shear stress across different percentages of stenosis
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Figure 2.7: Pressure gradient force acting on the normal direction of the stenotic surface.
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It can be observed that for stenoses below 50% in area the resulting velocity
changes, shear stress and pressure gradient forces do not reach extreme values. This
suggests that these variables would have a secondary role in rupture of most vulnerable
plaques. However, because the shear stress and pressure gradients have skewed
distribution (Figures 2.5, 2.6) with higher values in the proximal part of the stenosis, these
variables could be involved in the fatigue process contributing to the observed ruptures in

the region.

2.5.2 Numerical results for the structural stress

In this section, we investigate the role of the resulting solid stresses in the vascular
wall as potential contributors to the rupture of plaques causing mild stenoses. After
performing the fluid-structure interaction evaluation, all analyses resulted in a stress

concentration at the upstream side of the plaque (Figure 2.8).

Distal
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”

Blood flow direction

Figure 2.8: Longitudinal section view of the typical mechanical stress distribution for the
fluid-structure interaction results. All analyses resulted in high stress concentrations in the

proximal side of the plaque.
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Since the goal of our study was the assessment of stresses within the plaque, we
only considered the local maximum stresses within the fibrous cap area as proposed by
Tang [88]. Figures 2.9-2.12 summarize the findings of the maximum equivalent stresses
within the fibrous cap of all the individual fluid-structure interaction analyses. The overall
results show that the combination of a thin fibrous cap with a soft lipid core increased the
magnitude of the stresses. Moreover, the magnitude of the stresses also became higher as
the stenosis became more severe. The circumferential stress of 47.5 KPa at the inner
surface of the non-stenosed sections of the lumen was consistent with the values provided
by the Lamé equations. The structural domain changed by 4% in the intraluminal
diameter. Consequently, the fluid domain would change in the same proportion. We
neglected this effect and assumed that the problem could be treated by using uni-
directional coupled fluid-structure interaction, in which the pressure gradient results are
directly applied onto the structural domain neglecting the hemodynamic changes in the

flow field due to such deformation.
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Figure 2.9: Local maximum principal stresses at 36% stenosis
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Figure 2.10: Local maximum principal stresses at 51% stenosis
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Figure 2.11: Local maximum principal stresses at 75% stenosis
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Figure 2.12: Local maximum principal stresses at 91% stenosis
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Once we had identified the pattern that the peak stresses occurred at the
combination of a thin fibrous cap and with a soft core, we performed the analyses of all
the geometric cases (Figure 2.2) of the different percentages of area stenosis (19%, 28%,

36%, 43%, 51%, 59%, 67%, 75%, 83% and 91%). The peak results of the scenarios of
thin fibrous caps of 200 microns and lowest y values as a function of the percentage of

stenosis produced an interesting plot with a plateau region (Figure 2.13). This plot
suggests that for low percentages of stenosis from 19% to 43% the peak stress climbs as
the percentage of area stenosis rises. For mid-range stenosis from 46% to 75%, there is a
plateau region with a relatively small increase of the peak stresses. This plateau also
suggests that the level of plaque vulnerability to mechanical rupture might have similar
values between 43% and 75% in these particular cases. For area stenoses higher than
75%, the peak stresses drastically increased with a relatively steep slope. This could mean
that for very high percentages of stenoses (above 75%), plaque vulnerability to

mechanical failure is very sensitive to minor changes in size.
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Figure 2.13: Peak stress values for different percentages of stenosis for a fibrous cap

thickness of 200 microns and 7 value of 0.001

2.6 Discussion

The results from our models reveal that for all stenoses, the most important factor
that has a direct impact for plaque rupture is the solid stresses. Physically speaking, the
impedance to blood flow across a stenosis results in an energy loss due to geometrical
changes and viscous effects. This energy loss is dissipated from the system partly as
generated heat that is carried away by flow advection and partly as mechanical
deformation of the plaque constituents and the surrounding tissue; the consequences of

this are reflected in a pressure drop across the stenosis. The numerical results of the
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pressure drops that we obtained are consistent with reports of in-vivo catheter-based
pressure measurements of stenosed coronary arteries [85].

When the fibrous cap of the plaque is thin and has a weak structural support
underneath it, as in the case of a soft lipid core acting as a weak elastic foundation, the
hemodynamic pressure gradient is allowed to push against it in the direction of the flow
and strain it to a greater extent at the upstream side location. Consequently, the structural
deformation increases the fibrous cap internal stresses at the upstream side. This effect
has also been proposed by Doriot [41] using theoretical and numerical calculations with
only two-dimensional longitudinal models of stenosed arteries. Our numerical results are
consistent with clinical observations of the sites of plaque rupture. Fujii et al [72] reported
that most of the ulcerated ruptured plaques in culprit lesions of acute coronary syndrome
patients were proximal to site of minimal lumen dimension based on intravascular
ultrasound imaging studies. Hiro et al [73] have also reported ultrasonographic
longitudinal views of ruptured coronary plaques, and most of them were also located in
the proximal region of the plaque.

In order to obtain a more accurate model in terms of anatomical structure and
physiological conditions, it becomes necessary to analyze realistic geometries of the
coronary arteries and include more realistic material properties such as viscoelasticity and
anisotropy of the connective tissue. Furthermore, transient fluid-structure interaction
numerical models using phasic coronary flow waveforms as the inlet values need to be
performed and then combine the results with a failure criterion that accounts for the
fracture mechanics in order to assess fatigue life before failure due to the heart pulsatility.
These transient analyses will serve as a basis in order to determine a fatigue life for each

node in the numerical analyses and thus demonstrate that the ultimate trigger for plaque
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disruption is the fibrous cap mechanical fatigue (FCMF). Plaque rupture is not only a
mechanical failure process, but rather one that is intricately associated with biological
factors such as inflammatory activity and the presence of tissue degrading enzymes that
could weaken the structural stability of the plaque. It should be attempted to take the latter

factors into account in future models.

2.7 Conclusions

The presence of a stenosis in the artery resulted in an energy loss or pressure drop
due to viscous and geometry factors. This energy loss translates partly into a mechanical
deformation of the fibrous cap as it is the weakest structural component of the plaque.
Furthermore, the stress magnitude is accentuated when the fibrous cap is thin and it does
not have a good structural support underneath it such as a soft lipid core acting as a weak
elastic and incompressible foundation. This allows for the hemodynamic pressure
gradient forces to push against it in the direction of the flow and strain it more at the
upstream side.

A pressure drop across the stenosed vessel was observed in all the numerical
analyses; the magnitude of the wall shear stress, fluid mean velocity and pressure
difference between the proximal and distal side increased exponentially at high
percentages of lumen narrowing, more specifically at more than 75% of area stenosis.

The combination of a mild to severe stenosis, a thin fibrous cap and a soft lipid
core resulted in the highest mechanical stresses calculated at the proximal side of the
plaque for all numerical analyses. These results help to explain the clinical observations

of characteristic features of ruptured plaques. Lastly, the plateau region of the peak
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stresses observed at percentages of stenoses from 43% to 75% could indicate that these
plaques could have the same degree of vulnerability to mechanical failure. Lastly, the
concept of fibrous cap mechanical fatigue (FCMF) can be introduced using these same
numerical models but under time-dependent flow conditions in order to calculate the
stress amplitude and mean stress of each node over one cardiac cycle and thus determine

the fatigue life of each node within the structural domain of the plaque.
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Chapter 3 — Discussion on article: “Fluid structure
interaction numerical studies on the assessment of
mechanical stress of the coronary atherosclerotic
plague”

3.1 Discussion on the numerical results

The results in the article described in this chapter demonstrate that certain
morphological features can influence the propensity to induce high mechanical stresses in
the plaque, particularly at the shoulder regions of the fibrous cap where plaque ruptures
tend to occur. Therefore, if clinicians want to deterministically assess a plaque’s
vulnerability to rupture using computational methods, they must first recreate the exact

physical and biological conditions to which the plaque is subjected, these may include:

e Pulsatile and transient flow

e Accurate 3D modeling of the components of the plaque

e Accurate characterization of the hyperelastic tissue properties
e Accurate anisotropic properties of the tissue

e Inflammatory cell activity location

From the analyses, we can hypothesize that the mechanical properties of the
healthy sections of artery wall have little influence on the outcome of the distribution of
the mechanical stresses, this is due to the fact that the hemodynamic forces act primarily
on the surface of the weakest structural component of the plaque: the fibrous cap.

Therefore, it becomes more important to fully characterize the cap’s collagenous material
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properties rather than the artery wall’s layered composition of collagen, elastin and
smooth muscle cells. We performed a few studies defining stiffer or weaker mechanical
properties on the same structural domain only to find that the magnitude of the stresses
changes, but not the overall spatial distribution. This suggests that the geometry of the
plaque is a more important factor rather than its mechanical properties as evidenced by
the results on the highly stenotic cases. Figure 3.1 describes the relevance of both viscous
and geometric effects as the percentage of area stenosis increases as derived from the
Back [82] equations. It can clearly be seen that as the area stenosis increases, the
geometric constraints induce proportionally greater pressure losses than the viscous
counterparts. Some of that energy loss is translated into the mechanical deformation of
the weakest structural component of the plaque: the fibrous cap. When analyzing Figure
3.1, we must remember that even though viscous losses contribute to the vast majority of
total losses when the percentage of area stenosis is low, the magnitude of those total

losses is negligible.
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Contribution to total pressure losses
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Figure 3.1: Contribution to total pressure losses of the viscous and geometric terms as

derived from the Back equations

This set of equations to mathematically derive the total pressure losses is the best
approximation we have in terms of analytical models. Even though the Back [82]
equations are limited to a concentric “necking” of the cylinder and do not accurately
represent the physics of an eccentric lesion, they still give a good approximation to the
values calculated to the eccentric numerical model (Figure 2.4). It would be difficult to
develop an analytical model that would accurately predict the pressure losses in an
eccentric “Gaussian curve” type of stenosis. Even then, such models of stenosis could not
realistically represent the true nature of the plaque’s different shapes.

An important aspect to discuss about the results presented in this chapter is the
controversy about why mild stenoses present plaque ruptures more frequently while these
results indicate that it is the more severe stenoses that present higher stress magnitudes.

We must first identify what kind of plaques we are dealing with; the more severe stenoses
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tend to be also more calcified and have a thicker fibrous cap, and hence are more
structurally stable and less prone to rupture. Secondly, the frequency of mild stenoses is
far greater than those that are severe and by simple probabilistic terms, we might
encounter a large proportion of plaque failures of mild stenosis [89]. Finally, it is possible
that the mechanical stresses could lead to a premature rupture of mild stenoses and we
could seldom find cases of a high percentage of stenosis with a thin fibrous cap that has
survived to rupture, however, there are reports that indicate that ruptured mild plaques
sometimes heal through the growth of new tissue on top of the rupture and thus the plaque
can grow in size [90]. Large plaques could then be the outcome of a series of consecutive
ruptures and repairs through the growth of new tissue in the same specific area. Such
plaques would have a high content of collagenous tissue and therefore be structurally
stable.

An important lesson from the results of this chapter is that we should look into
stress range values or stress distribution behaviours, rather than analyzing single nodes
that may exceed a threshold value that may initiate rupture. It is relatively easy to have a
discontinuity in the geometrical model that would create an unrealistically high stress
concentration, especially when dealing with small details of plaque components modeled
after geometries extracted from an imaging technology. We must avoid having sharp
edges or discontinuities as much as possible and look for logical stress concentration
patterns that make sense. By doing this, we can reduce the source of errors or
discrepancies when trying to determine the causes of plaque rupture.

A limitation of this work was that we did not analyze cases of geometrical models
were the fibrous cap was thinner than 200 microns. Pathologists like Virmani [27] have

reported that the typical thickness at which fibrous caps fail is around 60 microns. In
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order to model such thin caps in our geometrical model, we would have had to reduce the
size of the elements to at least 30 microns to have good results. This would have resulted
in a very large number of elements that would make the analysis lengthy in time and
prone to non-convergence as smaller elements can suffer over penetration from the
contact elements at the interface between the fibrous cap and the core of the plaque.
Another limitation of this model was that we assumed that the fibrous cap shared the
exact same mechanical properties of the artery wall. The true mechanical properties of the
fibrous cap are still unknown, and they can vary from patient to patient. The fact that the
fibrous cap is mostly composed of collagen fibers and smooth muscle cells is the only
hint that we have to safely assume that its mechanical properties are similar to the artery
wall. It is also important to stress out that these analyses were done considering the core
of the plaque as homogenous in nature. This is not the case as it has been observed in
numerous histological studies that calcifications and lipid pools tend to exist in a very
irregular pattern.

Clinicians can learn from the figures presented in this research that we can
mechanically stabilize the plaque either by increasing the fibrous cap thickness, stiffening
the core, or reducing the size of the stenosis. Having concluded that mechanical stresses
increase with the increasing percentage of area stenosis, it can be inferred that the cases of
rupture of non-stenotic plaques must have an important biological cause as there are little
or virtually no energy losses in such cases that could translate in the mechanical

deformation of the fibrous cap.
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3.2 Numerical results plots

In order to better understand the complex phenomenon of the fluid flow passing
through each of the models analysed, we present the set of plots of the numerical results
of the fluid domain (figure 3.2). It is important to observe that the greatest hemodynamic
changes in terms of velocity begin to occur at area stenosis levels of 75% and above.
Along this, the pressure gradient forces and pressure drops also become significantly
greater at 75% area stenosis and above. It becomes clear then that when there is a high
percentage of stenosis (above 75%) all the hemodynamic variable suffer considerable
changes and thus affect the mechanical stresses in the same proportion (Figure 2.13). It is
very interesting to note from figure 2.13 that there is a low stress region from 19% to 75%
area stenosis. This region has a low-rise slope in the peak mechanical stresses in the
fibrous cap. This also suggests that hemodynamic variables do not affect significantly the

mechanical stresses at these regions.
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Figure 3.2: Sample numerical results of velocity fields for each case analysed.
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Figure 3.3: Computational Fluid Dynamics (CFD) mesh of the lumen of the 91% area

stenosis model.

3.3 Limitations of the analyses

The most important limitation of this set of analyses is that they only represent
ideal models of stenoses in the artery. This is a good approach to be able to compare
results when doing a sensitivity analysis since the same methodologies of design and
physical conditions were applied consistently to all models. However, these are not real-
life scenarios and these models can only predict the mechanical stresses under ideal
conditions such as perfectly symmetrical plaques defined with a series of perfect circles

throughout the entire length of the stenosis and constant and smooth fibrous cap
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thickness. If we were to define our models using a different set of rules in terms of
shapes, lengths, mechanical properties, different materials (e.g. calcifications and lipid
cores co-existing within the plaque), a non-constant thickness of fibrous cap thickness,
and non-smooth contours of the plaque shape, then the results could be different and thus
exhibit different behaviours. Therefore, it becomes very important to understand that if
we want to obtain deterministic results of a particular plaque, we must concentrate our
efforts in the accurate reconstruction of patient-specific plaques along with all the various
components that form them. Recently, in a study developed by Vengrenyuk et al. [91]
they proposed that the existence of cell calcifications near the zone of the fibrous cap can
have a great influence in the overall rupture mechanics. It then becomes important to fully
characterize all the morphological and mechanical factor of each patient-specific plaque.
In the next chapter, we take a deeper step into the analysis of the phenomenon and
study a case of an in-vivo patient-specific reconstructed plaque from intra-vascular
ultrasound segmentation images. We study the feasibility of performing realistic
reconstructions along with transitory boundary conditions to realistically simulate the
physiological blood flow and pressure patterns in the coronary arteries. Moreover, we
consider that plaque failure is the result of a chronic progressive injury caused by the
transient cyclic stresses due to blood flow pulsatility and that our numerical results could

help predict the number of cycles to failure based on a hypothetical S-N fatigue curve.

3.4 Fibrous cap mechanical fatigue concept (FCMF).

An important discussion about the previous chapter is that it aims towards the

introduction of the concept of fibrous cap mechanical fatigue. It was demonstrated that
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the mechanical and morphological variables involved in these sensitivity analyses played
an important role in the mechanical stress concentration in the fibrous cap. However, in
order to demonstrate the effect of fatigue failure we must aim to research the time-
dependant (transient) analyses under normal coronary flow and pressure patterns. These
studies will help to calculate minimum and maximum stress values throughout the cardiac
cycle in order to determine the stress amplitude and the mean stress for each node. Such
stress values are necessary to calculate a fatigue life of the fibrous cap. In the following
chapter we combine the transient analyses using normal coronary flow patterns and the
use of patient-specific realistic geometries to further reach more realistic analyses that

would prove useful to clinicians.
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Chapter 4 — Article: “Numerical Analyses to Assess the
Hemodynamic Effects on the Mechanical Stresses of
Patient-Specific Stenotic Coronary Plagues”

Authors:

Ramses Galaz, Rosaire Mongrain, Valerie Pazos, Richard Leask, Jean Claude Tardif.

Objectives:

To study the transient hemodynamic effects on the mechanical stresses in realistic
patient-specific coronary plaques.

To calculate the spatial and transient distribution of the mechanical stresses of
each node over one cardiac cycle in order to predict the probable zones of failure
and the number of stress cycles before fatigue failure.

To relate the transient results to the concept of fibrous cap mechanical fatigue
(FCMF). Transient analyses are necessary in order to calculate the stress
amplitude and mean stress of each node over the cardiac cycle in the numerical
analyses.

To assess the effects of the presence of multiple plaques within the proximal

coronary artery.

Hypotheses:

The analysis of the transient stresses can help identify the main physical factors
involved in plaque failure.
Plaque failure can occur as the result of a catastrophic failure due to chronic injury

progression due to cyclic stresses. Fibrous cap mechanical fatigue (FCMF) is the
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result of the combined effects of the cap thickness, relative inclusion stiffness and
percentage of stenosis. These variables directly affect the magnitudes of the stress
values in time and space and thus affect the stress amplitudes and mean stresses at
each location.

The particular configuration of a multiple plaque scenarios can affect the spatial
distribution of the mechanical stresses. FCMF can be influenced by the global
structure of the obstructive pathology in particular in the context of multiple
stenoses [58, 59]. In this chapter we show that in the case of multiple stenoses
(modeled as two adjacent stenoses) that FCMF is higher when the VP is

downstream of a stable plaque (SP) as compared to a VP upstream of a SP.
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4.1 Abstract

Cardiovascular diseases represent the first cause of death in developed countries.
Atherosclerotic plaque rupture in the coronary arteries has been extensively associated
with acute myocardial infarctions. The rupture of the fibrous cap may trigger a thrombus
formation that could occlude the coronary arteries and impede the flow of blood to the
lower parts of the myocardium. In this work, we analyzed the transient hemodynamic
effects on the mechanical stresses of the fibrous cap over one cardiac cycle. We
reconstructed patient-specific coronary stenotic plaques from in-vivo intravascular
ultrasound (IVUS) segments and analyzed them using fluid-structure interaction
computational methods. Transient inlet conditions for pressure and flow were used in
order to assess the individual and combined effect of these variables on the mechanical
stresses. Furthermore, we hypothesized that plaque failure is the result of a chronic
progressive injury caused by these cyclic stresses due to blood flow pulsatility and that
our numerical results could help predict the number of cycles to failure based on a
hypothetical S-N fatigue curve. Our results indicate a high stress concentration at the
proximal shoulder region of the plaque when a soft core is present. The highest stresses
occurred during peak diastolic flow, suggesting that kinetic forces play a significant role
in plaque failure mechanics. Our fatigue analyses indicated that certain nodes located in
the proximal shoulder could rapidly fail as a result of cyclic stresses rather than from a
nominal stress value. We introduce the concept of fibrous cap mechanical fatigue
(FCMF) by relating the transient numerical results to a failure prediction model based on

fatigue.
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4.2 Introduction

Cardiovascular diseases represent the first cause of death in developed countries
[92]. Atherosclerotic plaque rupture and subsequent thrombosis has been strongly
correlated by pathological studies to ischemic acute coronary syndromes such as sudden
cardiac death, unstable angina and acute myocardial infarction [1, 15, 19]. The disruption
of the fibrous cap tissue of the atherosclerotic plaque may trigger a biological response of
platelet activation and a subsequent formation of a thrombus, an event that could
potentially occlude the coronary artery and impede the flow of blood downstream and
possibly result in an acute myocardial infarction. It is estimated that up to 75% of all
thrombus formations [16] and 90% of the cases of nonfatal myocardial infarction and
sudden cardiac death are associated with the rupture of the coronary atherosclerotic
plaque [19]. Studies have shown that such disruption may be initiated by long-term
intrinsic changes of the plaque such as progressive lipid accumulation and degradation of
the fibrous cap, or by external triggers which can include mechanical stresses due to
hemodynamic or physical perturbations [93, 94, 95, 96]. Clinicians have established that
ruptured plaques share certain morphological and biological features that make them
more vulnerable to rupture such as a large lipid pool, a soft core, a thin fibrous cap and
inflammatory cell acivity around the region of rupture [18, 19, 20]. Histopathological
studies have shown that people who had died during physical exertion showed that
ruptures were usually located at the midcap regions of the plaques, while those who died
at rest showed shoulder rupture predominance [74]. Fujii [72] and Hiro [73] observed
through longitudinal IVUS imaging that the commonest site of rupture is at the proximal

region of the plaque. These findings suggest that different mechanisms act on different
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scenarios and that both hemodynamics and mechanical stresses play an important role in
the site and mode of failure.

Several authors have contributed to the computational analysis of the rupture
phenomena as a consequence of high mechanical stress; their analyses showed a general
agreement that the greatest magnitudes of stress occurred near the shoulder region of the
plaque in the fibrous cap tissue [21,25, 68, 97, 98, 99]. However, most of these analyses
only considered two-dimensional models of cross-sectional or longitudinal slices of the
diseased vessels and thus did not provide the true three-dimensional state of the stress
tensor. Moreover, without three-dimensionality, the analyses lacked information on how
the interaction between the pulsatile hemodynamic waveforms and the morphology of the
diseased artery affected the stresses over time. Imoto [100], Tang [88] and Ohayon [101]
developed some of the earliest studies on 3D models of the phenomena with different
approaches using maximum values of measured pressure at certain points in time of the
flow as a baseline for assessing maximum plaque stress.

Our study focused in the assessment of the mechanically induced transient stresses
in the fibrous cap tissue due to the hemodynamic changes across the stenosis in a three-
dimensional field over one cardiac cycle. This three-dimensional and transient
perspective provided information on the spatial and temporal distribution of the principal
stresses to assess the possible initiation and paths of fissure propagation. Computational
finite element methods and fluid-structure interaction analysis were used to develop a
predictive model of the physical interaction between the blood fluid domain and the
diseased arterial wall structural domain. The analyses were done using realistic models
reconstructed from intravascular ultrasound (IVUS) imaging of in-vivo cases of human

diseased coronary arteries. A particular case of a double plaque scenario was chosen for
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analysis with realistic boundary and time-dependent conditions taken from measurements
of coronary flow and pressure waveforms. Different mechanical properties were assigned
to the various components of the model in order to determine a pattern of stress
distribution under different circumstances. The local pressure, shear stress, velocity and
pressure gradient forces were calculated to assess their overall effect on the arterial wall
stresses. Also, using the same methodology of IVUS reconstruction, we reconstructed
seven in-vivo cases of ruptured plaques in order to do a reverse engineering approach and
compare our analyses with actual cases of ruptures and in order to validate our model. In
particular, we show that ruptures tend to occur at the three-dimensional predicted zones of
high mechanical stress. Although seven cases is not a statistically sample it provided
some insight on how plaque rupture mechanics occurs.

Plaque rupture is a phenomenon that can be approached as either an acute failure
of the fibrous cap due to a sudden increase in mechanical stress, or as the culmination of a
chronic injury progression due to the cyclic stress or fatigue [35]. We introduce the
concept of fibrous cap mechanical fatigue (FCMF) to explain the combined effects of the
mechanical factors involved in the failure of tissue within the fibrous cap. The analysis of
the realistic and time-dependent conditions of the coronary flow and pressure waveforms
acting on the plaque provided more accurate information on the spatial and time
distribution of the stresses. Given the appropriate fatigue life curves for the soft tissue,
fatigue life could be estimated for each node in the numerical model parting from the

calculated mean stress, frequency and the amplitude of the cyclic stresses.
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4.3 Methods

4.3.1 Morphological reconstruction of diseased vessels through IVUS
(intravascular ultrasound)

Patient-specific cases of diseased coronary arteries were reconstructed using [IVUS
images of cross-sectional views in the longitudinal direction. The spatial resolution of
IVUS ranges from 40 to 100 microns, sufficient to image the fibrous caps that usually
rupture according to Virmani [27]. All IVUS segment images were created using
motorized pullbacks of the ultrasound transducer commencing from the distal side of the
stenosis. Only those segments distanced 1 mm apart were kept in order to simplify the 3D
geometry reconstruction process even though the IVUS pullback was able to interrogate
images at higher resolution intervals.

For each IVUS segment, the lumen boundaries were traced at the innermost
echogenic layer: the internal elastic membrane (IEM), which is located in the intimal
layer. Since there is no acoustic interface between the true adventitia and the perivascular

tissue [64], it becomes difficult to assess the true size of the adventitia. Therefore, it was
assumed that its outermost layer was located at a mean offset distance of 100um [65]

from the external elastic membrane (EEM) which is located at the medial-adventitial
interface.

The coronary arteries are of the muscular type and are normally composed of three
layers: intima, media and adventitia. Since intravascular ultrasound (IVUS) cannot clearly
distinguish the boundary between the intima and the media or the outermost surface of the

adventitia, the artery walls were reconstructed in 3D as a single homogeneous body
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comprising all three layers from the innermost surface of the lumen up to the outermost
layer of the adventitia. In the presence of an atheromatous core, the fibrous cap tissue
would be part of the same single body and thus share the same mechanical properties in
the numerical models for the stress analyses.

The contour lines were hand traced and smoothed with spline curves using
commercial software (Rhinoceros v3.0, Palo Alto, CA) in order to avoid jagged edges or
singularities in the geometry that would result in artifactual stress concentrations when
performing the fluid-structure interaction computational analyses as a result of unrealistic
sharp corners. None of the reconstructions considered the three-dimensional spatial path
of the catheter and therefore the geometries were reconstructed only in a straight
formation.

We illustrate the approach with the worst simulated case of a double plaque
configuration (Figure 4.1). The first plaque presents a 75% eccentric stenosis with an
approximate length of 7 mm and the second and more distal plaque presents a 46%
eccentric stenosis with an approximate length of 4 mm located on the opposite side of the

proximal plaque.
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Plaque 1

Figure 4.1: Traces of each IVUS segment and the respective 3D reconstruction

Using the same methodology of IVUS segmentation, we also reconstructed seven
cases of in-vivo ruptured plaques as they would prove helpful in a reverse engineering

approach to correlate the morphology and location of the rupture of the plaques.

4.3.2 Fluid structure interaction methods

The reconstructed model was analyzed with fluid structure interaction
computational methods using a commercial software package (ANSYS 10 and CFX 10,
ANSYS Inc, Canonsburg, PA). The fluid domain was analyzed assuming a Newtonian
fluid model as it has been shown to be a good approximation due to the large content of
water-based plasma in the blood [84]. The boundary condition at the inlet was defined as
an opening with the typical transient aortic blood pressure ranging from 80 to 120
millimeters of mercury following a typical pressure waveform described by Berne for a
left anterior descending (LAD) coronary artery [42]. The outlet boundary condition was

defined as an opening following the phasic coronary blood flow waveform for the left
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coronary artery also described by Berne (Figure 4.2); the blood flow values ranged from 0
to 100 ml/min. The total time for the transient analyses for each cardiac cycle was 0.78
seconds which corresponds to a normal cardiac rhythm of 77 beats per minute. All
analyses were subdivided into 50 equal timesteps, each of 0.0156 seconds. It is of interest
to calculate the mechanical stresses during the most critical points in time regardless of
the number of timesteps in which we have divided our model. The highest diastolic flow
occurs at t = 0.249 seconds at exactly timestep #16. Since our model does not consider
viscoelastic effects in the material, there is no retardation in the tensioning or relaxation
of the material stresses and thus we can consider individual points in time for peak

stresses.
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Figure 4.2: Aortic pressure and phasic coronary flow waveform (LAD) [42]

For the particular case that was analyzed, the structural domain was composed of

three separate bodies, being the main body the arterial wall structure along with the
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fibrous cap tissue; the other two bodies represented the proximal and distal plaques
(Figure 4.1). The artery models were constrained at the distal and proximal edges so no
longitudinal displacement could occur but only allowed for radial displacement.

It 1s widely known that arteries exhibit hyperelastic behaviours in stress-strain
curves. However, since large deformation mechanics were not present in this analysis, the
material properties for the arterial wall and fibrous cap were considered to be
incompressible and with linear elastic material properties with a Young’s modulus of 800
KPa. This value was calculated in previous studies using the Lamé equations for a thick
wall cylinder under pressure. The cores of the plaques were defined as single isotropic
bodies of linear elastic and nearly incompressible material properties (Poisson’s ratio =

0.499).
A value ¥ was defined to be the ratio between the plaque’s core and the artery

wall Young’s modulii.

y=—¢ (4.1)

Two sets of analyses were done in order to compare the effect of different plaque

mechanical properties on the stress magnitudes: the first using a very soft material for

both plaques (y1,72<< 1), and the second using a very soft material for the proximal

plaque (y1<<l) a very hard material for the distal plaque (y>>>1) simulating a rigid

calcified core.
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The mechanical stress levels were calculated using the multifield coupled solver
of the ANSYS-CFX software package. Two sets of analyses were performed in order to
compare the resulting stress levels of using a fully coupled versus a one-way coupled
fluid-structure interaction (FSI) analyses. Fully coupled FSI analyses required
significantly more computational time than the one-way FSI method as the former solves
iteratively for both the structural and fluid domain deformations by communicating the
pressure results through the FSI interface, being the lumen surface of the artery. The one-
way method only applies the fluid domain pressure results onto the structural domain but
does not consider the deformation of the fluid domain. It is important to mention that the
only variable of communication at the FSI interface in both methods is pressure as a
global result of the other typical variables such as wall shear stress, pressure gradient and
fluid velocity.

This study only analyzed the local mechanical stresses present in the fibrous cap
as proposed by Tang [88] since our study focused on determining the cap’s failure. Only
those nodes that comprised the fibrous cap solid body and those that were in close
proximity to it were taken into account (Figure 4.3). By doing this, we discarded high
values of stress outside the region of interest and thus increase the sensitivity to stress

levels within the fibrous cap tissue.
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Figure 4.3: Longitudinal section view of the model mesh and the nodes of interest for

fatigue analysis

4.3.3 Fatigue analysis

Plaque rupture is a phenomenon that can be approached as either an acute failure
of the fibrous cap due to a sudden increase in mechanical stress, or as a fatigue process
described as the catastrophic failure of a chronic injury progression due to cyclic stresses
[35]. Blood flow pulsatility induces a periodic pattern of tissue stretching and relaxation
that translates into localized high mechanical stress concentration zones typically
influenced by material irregularities, discontinuities and physical conditions. The
presence of the atherosclerotic plaque can exacerbate the mechanical stress levels and
thus increase the amplitude of the cyclic stresses that may reduce the number of cycles to

failure.
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Many authors have analyzed plaque rupture using computational methods and
have suggested a threshold value for mechanical stress failure [20, 25, 69, 97]. These
approaches implied that rupture is induced by stresses that exceed the ultimate tensile
strength of the tissue, and if any node or element in the analysis did not surpass this value,
then rupture would not occur. In a fatigue approach, variables such as the stress cycles,
the stress amplitude and the mean stress are considered as the critical factors for material
failure. Our approach considered fatigue as the main factor driving plaque failure. For our
fatigue analysis approach, we assumed that no biologically active remodeling processed
were present due to the complex nature of tissue remodeling. This phenomenon would
influence the nature of mechanical fatigue failure as damaged tissue may be subjected to
inflammatory processes.

Plaques usually rupture at relatively low stress levels under normal physiological
conditions when compared against the high pressure levels that percutaneous transluminal
coronary angioplasty (PTCA) exerts to fracture the atherosclerotic plaque [102, 103].
Ruptures are usually catastrophic and without warning, crack initiation and propagation
usually occur at a slow pace, but when the crack reaches a given critical length, the rate of
crack growth increases rapidly and a low critical stress is needed to precipitate the rupture
[104]; a small trigger such as an acute increase of blood pressure or heart rate can
complete the loop of catastrophically failing plaques that were close to being ruptured.
Fatigue life is determined by the number of stress cycles, the stress amplitude and the
mean stress [104]; several studies have established a correlation of cardiovascular events
with accelerated heart rates that increase the number of cycles [105, 106], blood pressure
levels that increase the amplitude of the stresses [107] and morphologically vulnerable

plaques that can increase the mean stress levels [25, 88, 96, 101].
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For our analyses we used a failure criterion similar to the one proposed by
Goodman [37] that considers the mean stress and the amplitude of the cyclic stresses of
each node in order to determine its likelihood of failure given an endurance stress limit

and ultimate tensile strength values (Equation 4.2).

g,
Tnean 4 “smo _ (4.2)

O-cndurancc O-uts

Where O mean 18 the mean stress for any particular node calculated as the sum of the

Von Mises stress [108] values through the entire cardiac cycle and divided by the number

of timesteps t (Equation 4.3).

p
2 Oiy

o =1 (4.3)

mean, i t

The stress amplitude denominated Oa.mp 1s calculated as the absolute difference

between the lowest and highest stress value of each node through the entire cardiac cycle

(Equation 4.4).

o, .=0C -0 (4.4)

amp, i i,t max i,t min
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The value Oengurance T€presents the experimentally determined threshold value at

which no failure occurs after an infinite or predefined number of cycles. The value of Oy

represents the ultimate tensile strength of the material and it is also obtained

experimentally.

We also borrow from ductile metal failure and assume that the exponential
behavior of the stress vs. number of cycles to failure curves (S-N curves) is similar
(Figure 4.4); there is no available data that has reproduced experimentally the S-N curve

of human coronary artery tissue and more specifically of the fibrous cap tissue.

uts

Stress

endurance

0 2x108 4x108 6x108 8x108 10x108

Number of cycles

Figure 4.4: Typical exponential behavior of a stress vs number of cycles (S-N) curve

The equation that describes the curve from Figure 4.4 is of the following form:

—an
O-f = (Guts - O-endurance ) € ¢ + Gendurance (45 )
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Where 0 is the reference stress value for rupture; Oy, Oendurance and & need to be

determined experimentally. The Goodman criterion was originally proposed as a design
criterion that would prevent fatigue failure by a combination of a low mean stress with a

small stress amplitude that would be equivalent to reach an infinite number of cycles,
hence the equality of 1. We adapted the Goodman equation with this 07 reference value

in order to have a criterion that could include the S-N curve equation with the values

obtained from experimental data (equation 4.6).

e’an + O-endurance (46)

endurance )

(o} Gamp _ (O-uts — 0O

mean
—+

endurance Guts O-endurance

And thus the number of cycles to failure for each node n; can be calculated as:

O; O;
imean amp
hl ( + j O-endurance - O-endurance (O-uts - O-endurance )
O-endurance O-uts

n =- 4.7)
a

From this point, we calculated the number of cycles to fatigue failure for each
node using hypothetical values of Oy, Oengurance and . Histograms of the ranges of

values of number of cycles were constructed to analyze quantitatively the number of
nodes that would fail more rapidly and thus assess the plaque’s vulnerability to rupture

due to mechanical stress.
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4.4 Results

4.4.1 Fluid domain results

Two modalities were used to calculate the hemodynamic and mechanical variables
when using the fluid structure interaction methods: one-way coupled and fully coupled.
The former analyzed the fluid domain only without feedback from the deformed
structural domain, producing quick computational results. The latter iterated and
communicated the results from both fluid and structural domains for each timestep,
resulting in more accurate but significantly longer computational times: around 110 times
the required time than the one-way coupled method using the particular model chosen.

The numerical results yielded a drop in pressure across the length of the stenosis
for both FSI modalities (Figure 4.5). Under the fully coupled method, a pressure
difference of 11.2% was calculated during peak diastolic flow rate of 100 ml/min, such
difference was mostly driven by the geometrical constriction of the stenosis and the
increased flow. Conversely, at the beginning of systole when the flow rate was negligible,
the pressure difference was only around 2%. On the other hand, when working under the
one-way coupled method, the pressure difference was 15.7% during peak diastolic flow
but again only 2% at the beginning of systole (Figure 4.5). This indicates that the one-
way method tends to slightly overestimate the flow values as a result of an undistorted
and therefore more constricted fluid domain. These results are similar to those determined

experimentally by Mates for the same degree of stenosis [86].
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Figure 4.5: Central streamline pressure drop across the model at various point in time

In a previous study, it was demonstrated that at higher percentages of stenosis and
constant flow rate the pressure drop was significantly greater. However, geometrical
constrictions alone are not the only driving factor behind the pressure drop effect but also
by viscous effects, as demonstrated in the equations developed by Back [82]. These
equations established a linear relationship of the change of pressure with respect to the
flow for the viscous terms and a quadratic relationship for the geometrical terms.

Under the one-way coupled method, the central streamline velocity increased from
an average of 34 cm/s at the inlet boundary to 195 cm/s at the peak of the largest stenosis
during peak diastolic flow. The fully coupled method produced results that estimated the

velocities at lower values than those of the one-way method: velocities of 29 cm/s at the
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entrance and 170 cm/s at the peak of the largest stenosis. The one-way method
overestimates the velocity as a result of a rigid and therefore more constricted fluid

domain (Figure 4.6).
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Figure 4.6: Central streamline velocity increase across the length of the model

Physically speaking, both potential and kinetic energy enter the system in the form
of pressure and flow respectively. The presence of an obstruction such as the stenosis
magnifies the loss of energy, which can escape the system in the form of mechanical
deformation of the weakest components of the structural domain or as heat that is carried
away by advection. The results obtained from the hemodynamic flow analysis exhibit a
pressure drop distal to the stenoses, an increase in the flow velocity, high shear stress near
the proximal peak of the stenoses, but more importantly a pattern of pressure gradient

forces acting normally to the proximal side of the peak of the stenoses (Figure 4.7). These
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pressure gradient forces represent the means of physical communication between the fluid

and structural domains at the lumen surface interface in the FSI analyses.
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Figure 4.7: Slices of relevant hemodynamic variables from the 3-D numerical results.
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4.4.2 Structural domain results

The analysis of the interaction between the fluid and structural domains of this
realistic case produced results compatible with similar previous studies using ideal
geometries of stenosed arteries: the location of the fibrous cap stress concentration
occurred always at the proximal side of the stenosis mainly driven as the result of the
pressure gradient forces acting on the surface of the lumen and the plaque. Also, the
magnitude of the stress depended on the thickness of the fibrous cap, the percentage of
stenosed area and the stiffness of the internal core.

We used the same sets of IVUS reconstructed cases for the structural domain; the

first configuration used a soft proximal (7y;<<1) and soft distal (/,<<1) plaque scenario;
the second analysis used the same geometrical model but with a soft proximal (y;<<1)

and hard distal ("y»>>1) plaque configuration. The results for the soft-soft showed a

greater stress concentration in upstream and shoulder side of the distal and smaller plaque
with a maximum value of 92 KPa during the peak diastolic flow at which the greatest
pressure drop occurs. Conversely, in the soft-hard configuration, the greatest stress
concentration occurred in the upstream and shoulder side of the proximal plaque with a
maximum value of 87 KPa; very low stresses resulted at the zone of the distal plaque
(Figure 4.8). This strongly suggests that not only the stiffness of the cores and the
particular morphology of each plaque influence the stresses but also the configuration in
multiple plaques scenarios. It also becomes clear that the fibrous cap will exhibit great
deformation and high stresses if there is a weak structural support underneath it or it will

be mechanically stable if it has a strong support such as a hard calcified core.
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Figure 4.8: Equivalent stress map plot of the structural domain for two different

arrangements of material properties using the same geometry

It was of interest to analyze the transient behavior of the maximum stress during
the entire cardiac cycle given. Figure 4.9 depicts the maximum stress behavior along with
the boundary conditions of pressure and mass flow for the soft-soft plaque configuration
case. The one-way coupled method described a curve very similar to the pressure
waveform inlet conditions. The fully coupled method resulted in a curve that combined
the effects of both the pressure and coronary flow waveforms, particularly the effect of
the peak flow occurring at the beginning of diastole, which resulted in the maximum
measured stress. The results showed that flow and pressure are important factors in
determining the overall magnitude of the stress. At higher flow rates, the pressure drop

and kinetic energy losses were greater and thus transformed into a higher mechanical
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energy that strained the weakest components of the plaque, more specifically the thin

fibrous caps with soft cores.
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Figure 4.9: Maximum stress patterns and the inlet boundary condition of the soft-soft

plaque configuration model analyzed under the one-way and fully coupled methods.
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4.4.3 Fatigue analysis results

Our approach considered fatigue as the main factor driving plaque failure rather
than a maximum monotonic stress value. One study by Gilpin [36] tried to recreate the
S-N curve of healthy porcine coronary arteries by extrapolating the curve using a few
experimental values of low cycle count results. Since there are no established S-N curves

for the human coronary artery tissue even less the fibrous cap tissue, we assigned values

in the same order of magnitude as the study by Gilpin [36]. The values assigned were O s

=400 KPa, Oengurance = 100 KPa and o = 4.506e-7 in order to exemplify the feasibility of

calculating the mechanical vulnerability due to fatigue; with those values, a fraction of the
nodes would fall above the endurance limit and certainly fail due to fatigue. Figure 4.10
depicts a histogram of the stress levels of each node at particular points in time during the
cardiac cycle. These values resulted from the soft-soft configuration and using a shifted
pressure waveform of 150-110 mmHg and they indicate that only a small number of
nodes exceed the endurance limit. These would eventually fail after a determined number
of cycles, while the rest of the nodes below the endurance limit value would never reach
failure. The stress amplitude was calculated for each node as the absolute difference
between the highest stress value during peak diastolic flow and the lowest stress value
occurring at the beginning of systole. On average, the stress amplitude was equal to 20
KPa. Figure 4.11 shows the stress range histogram comparing two different inlet pressure
waveforms: 150-110 mmHg vs. 120-80 mmHg. The first analysis (150-110 mmHg)
indicated that at higher inlet pressure ranges, the number of nodes above the endurance
limit increased and thus would reduce the number of cycles to failure only for a certain

group of nodes. The second analysis (120-80 mmHg) only yielded that two nodes were
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above the endurance limit and the number of cycles to failure tended to be a very large
number.

The concept of fibrous cap mechanical fatigue (FCMF) assumes that the overall
combination of fibrous cap thickness, relative inclusion stiffness, percentage of stenosis,
plaque morphology, hemodynamic conditions and cyclic stretching due to pulsatility
could all influence the failure mechanism of the fibrous cap. The mechanical stresses
within the plaque are influenced by each of these factors by different means and
proportions. However, an important result (as depicted in figure 4.11) is that any variable
that can affect the amplitude or the mean stress in the cardiac cycle will influence the
fatigue life of the fibrous cap. We hypothesize that the concept of fibrous cap mechanical
fatigue (FMCF) is more applicable under real life scenarios as opposed to a nominal

stress value that would eventually cause rupture.
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Figure 4.10: Histogram of the number of nodes according to their stress range value.
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4.5 Conclusions

The numerical results showed that the highest stress concentrations occurred in
the proximal shoulder zone of the plaque. An explanation of this event is that pressure
gradient forces act directly on the proximal side of the plaque. The presence of a stenosis
induces flow kinetic energy losses in the form of a pressure drop due to the geometrical
constrain and viscous effects. Some of this lost energy translates into a mechanical
deformation of the more compliant or weakest structural components of the plaque. A
more compliant plaque core would allow for greater displacement than a rigid calcified
core. As the plaque is displaced, the shoulder areas where the fibrous cap tissue connects
with the artery wall suffer the greatest strains and thus mechanical stresses; as a result,
these locations may be more prone to rupture.

The particular morphology of the double plaque scenario that was analyzed
provided some insight that the presence of multiple plaques can greatly influence the
hemodynamic pattern and thus the mechanical stress distribution within both plaques.
Future analyses shall be performed considering all the surrounding morphological factors.

Another interesting finding is that hemodynamic flow induces the greatest
mechanical stresses rather than intracoronary pressure alone. However, the resulting
stress is influenced by both the flow and pressure inlet conditions. Peak stress in the
fibrous cap was calculated during the highest blood flow levels in diastole. Conversely, at
low flow levels during the beginning of systole, the mechanical stresses were the lowest
and they followed the intracoronary blood pressure pattern.

The comparison between the unidirectional coupled method vs. the fully coupled

method of fluid-structure interaction yielded that the former tends to overestimate the
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pressure drop difference as it does not account for arterial wall compliance and the flow
velocity increases in a rigid artery. Although the unidirectional coupled method provides
much faster results in terms of computational time, we should try to use the fully coupled
method instead in future analyses as it can provide results that approximate the true
physics of the environment.

We also showed that in the case of multiple stenoses (modeled as two adjacent
stenoses) that fibrous cap mechanical fatigue (FCMF) is higher than when the vulnerable
plaque (VP) is downstream of a stable plaque (SP) as compared to a VP upstream of a SP.
Vulnerable plaques are also known to be more prone to rupture under physical exercise
(1, 2).

Finally, the fatigue analyses showed that under a hypothetical S-N curve, we
could determine that certain nodes that could have a more premature failure as a result of
the cyclic stresses. The concept of fibrous cap mechanical fatigue (FCMF) was
introduced as a mean to explain why some plaques may fail prematurely even though they
may not exhibit high nominal mechanical stress values but rather a combination of cyclic
stresses whose mean and amplitude might influence the fatigue life of the tissue. Future
research needs to address the characterisation of the S-N curve for fibrous cap tissue if we

want to accurately predict a fatigue life based on experimental results.
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Chapter 5 — Discussion on article: “Numerical Analyses
to Assess the Hemodynamic Effects on the Mechanical
Stresses of Patient-Specific Stenotic Coronary Plaques”

5.1 Transient analyses

The results described in this article clearly agree to our previous study (chapter 2)
by showing a proximal side shoulder stress concentration. The transitory analyses
revealed that the greatest pressure drop occurs when maximum flow in the coronaries is
present, that is, at the beginning of diastole (Figure 5.1), which also corresponds to the
greatest stress magnitude in the proximal shoulder region, this can be interpreted as the
fluid energy losses being transformed into the mechanical deformation of the weakest
structural component of the plaque. After all, the pressure drop equations developed by
Back [82] are based on blood flow Q. The resulting maximum stress is driven by a
combination of potential energy in the form of pressure and kinetic energy in the form of
flow. The reconstruction of the in-vivo patient-specific coronary plaques from IVUS
images represented a challenge if we were to automate such process: currently all the
individual image tracing is done by hand, and the surfacing that connects all IVUS traces
is still done manually to correct any surfacing errors that might arise and to avoid jagged
edges that would induce stress concentrations. During this stage, we also reconstructed
seven cases of ruptured plaques to provide some three-dimensional insight to where
plaque ruptures occur. The numerical analyses were much more complex at this stage, not
only because we were using a more realistic geometry and complex shapes, but because
the number of elements increased significantly as some thin areas required more detailed
analysis. Also, it is not uncommon to end up with non-convergence from the high number

of elements count and the complex geometries involved.
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a) At the beginning of systole, there are no significant changes in pressure throughout the stenosis.
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b) During peak pressure in systole, the pressure shifts throughout the entire stenosis.
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c) Atthe initial stage of diastole, the pressure shifts evenly to a lower level.
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d) A sudden rise in the coronary flow causes a significant pressure drop (or energy loss) across the
stenosis. This point in time is when the highest mechanical stresses occur.
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e) As pressure and flow are reduced, so are the magnitudes and differences in pressure.
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f) Pressure values return to their initial levels as the cardiac cycle approaches its end.

Figure 5.1: Pressure drop values across the length of the stenosis at different timesteps
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5.2 Transient analyses using unidirectional and fully coupled FSI methods

The transient nature of the analyses and the fluid-structure interaction methods
increased significantly the computational time to converge to 27 hours compared to the
15 minutes required by the static analyses. In this article we presented two methods to
perform fluid structure interaction analyses. The unidirectional or “one-way” coupled
method solves the model by first solving for the fluid domain results and applying the
surface pressure results onto the structural domain, but it does not provide feedback about
the deformation of the latter. At the next timestep, it again uses the fluid domain results to
be re-applied on an intact structural model. Even though this method does not represent
the exact physics of the problem, it produced much faster results for the particular model
analyzed in this article (about 50 minutes for the entire analysis) than the fully coupled
method (27 hours). The fully coupled method solves for the fluid domain first and applies
the results to the structural domain, the deformation values of the latter are used to modify
the new fluid domain and it iteratively solves both domains by communicating the results
between the two until convergence is reached. The greatest calculated difference in
pressure between the two methods was 15.7% during maximum flow. In our study we
focused on demonstrating the feasibility of performing the numerical studies on realistic
geometries under realistic flow for fatigue analyses. It is difficult to make deterministic
conclusions about plaque rupture when analyzing a single patient-specific geometry.
However, we were able to learn that the same pattern of proximal shoulder stress
concentration exists and that the maximum stresses and pressure drops occur during the
peak diastolic flow. In future analyses, it would be useful to verify the results using

intravascular pressure sensors along with intravascular ultrasound reconstructions.
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5.3 Reconstructions of ruptured plaques using IVUS

Our study showed that the highest stress concentration of the fibrous cap occurs at
the upstream side in the shoulder region of the plaque. In a reverse engineering approach,
we reconstructed seven cases of ruptured plaques using in-vivo IVUS to determine the
average location of the fissure. All cases analyzed presented upstream sides rupture with

an underneath empty cavity. Figure 5.2 presents four of the seven cases in which the
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Figure 5.2: IVUS Reconstructed geometries of ruptured plaques

arrows indicate blood flow direction. a) Double plaque scenario with rupture present at
the proximal side of the distal stenosis. b, ¢, d present the typical underneath empty cavity

at the proximal sides of the plaques.
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Even though seven cases of ruptured plaques are not statistically significant to
make a conclusion, they provide a trend and some insight to the real three-dimensional
environment of plaque rupture. We can learn from those cases that they indeed have a
proximal shoulder rupture. This is in agreement with those findings of plaque rupture
using longitudinal IVUS imaging reported by Hiro [73]. While more cases of ruptured
plaques are necessary to make a strong statement on proximal shoulder rupture. It is

somewhat difficult to obtain those cases as they come from in-vivo imaging.

5.4 Linear elastic vs. hyperelastic materials

It is widely known that arteries in general exhibit hyperelastic material behavior,
in particular large elastic arteries such as the aorta. Muscular arteries such as the
coronaries still tend to show such hyperelastic behavior to a lesser degree. However, the
degree of mechanical strains to which the coronaries are subjected to during normal
physiological conditions is relatively small and thus the stress-strain relationship can be
approximated as linear. An article by Van Andel [109] published experimental data in
which the beginning of the hyperelastic stiffening region of human coronary arteries
oscillated between 0.15 and 0.20 strain values. Our maximum calculated stress during
peak diastolic flow was calculated at approximately 92 KPa, which corresponds to a
strain value of 0.115 when using a Young’s modulus of 800 KPa. The elastic region in
which coronary arteries act under normal physiological conditions is indeed below the
stiffening region. Therefore, it is justified to approximate the material properties using a

linear elastic model (Young’s modulus). However, for future analyses that consider the
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anisotropic properties of the material, hyperelastic materials need to be used as the strain

energy density function constants consider such properties in the material behavior.

5.5 Fatigue analyses

We proposed in this study to treat the phenomenon of plaque failure as the
outcome of a progressive chronic injury caused by the cyclic stretching of the fibrous cap.
For this, we incorporated a simple fatigue criterion developed for ductile metals by
Goodman and modified it to our needs to predict the number of cycles before failure
rather than predicting a single threshold value were no rupture would occur.

Gilpin [36] developed in her work a series of stress vs. number of cycles (S-N)
curves of porcine coronary arteries ex-vivo using a mechanical tensile tester. In her work,
she foresaw that it would be very lengthy to characterize the material samples to a very
large number of cycles and the specimen availability for this was very limited. Instead,
she proposed to develop a series of short-life cyclic tests under high mechanical stress to
rupture the tissue at a very early stage and extrapolate the experimental results to an
exponential S-N curve similar to the fatigue behavior seen in ductile metals. Although
this approach can potentially be sensitive to errors, it avoids time consuming experiments
and allows to construct the S-N curve with a very limited number of specimens. For
future analyses, it would be very useful to characterize human coronary tissue with
methods that closely resemble in-vivo conditions. More specifically, it would be more
useful to characterize the fibrous cap tissue as it is likely to have different mechanical

properties as the rest of the artery wall due to its high content of collagen. However, the
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size and the number of available specimens would prove this to be a very challenging
task.

The available information can serve as a basis to introduce the concept of fibrous
cap mechanical fatigue (FCMF). As mentioned before, plaque failure can be the outcome
of a progressive chronic injury caused by the cyclic stretching of the fibrous cap rather
than a monotonic stress value. Plaques with similar morphological and mechanical
features can exhibit different different behaviours when they are exposed to different
hemodynamic conditions. Therefore, we cannot suggest a single stress threshold value
that would trigger the plaque’s failure. We must carefully evaluate each case with its own
particular morphology, mechanical properties and hemodynamic conditions in time in
order to achieve accurate results that would be clinically relevant. The time-dependant
results will allow us to calculate the stress amplitude and mean stress over each cardiac

cycle, those values are essential to calculate a fatigue life based on a given S-N curve.

5.6 Multiple plaque vulnerability

The results presented in chapter 4 clearly suggest that we must establish new
criteria when defining what a vulnerable plaque is. The reason is that a single plaque in a
coronary artery may have a particular stress concentration pattern. However, in the
presence of nearby or adjacent plaques, the hemodynamics of the system change; the
kinetic energy that entered such system of plaques now dissipates throughout the multiple
plaques; the highest mechanical deformation will firstly occur at the weakest structural

components of such system. Therefore, we should define new terms such as multiple
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plaque vulnerability (MPV) and single plaque vulnerability (SPV) and evaluate if the

system is vulnerable to rupture, instead of individual plaques.

5.7 Collagen tissue characterization

In the following pages, we discuss the further possibility of refining our numerical
analyses by incorporating the anisotropy of the collagenous structure of the fibrous cap.
We approached the problem by using different imaging methods that would depict the
particular orientation of the fibers in localized regions of the fibrous cap. Ideally, this
spatial anisotropy information could be used in a computer code to define the particular
anisotropy of each element in the numerical models and produce an accurate anisotropic
tissue model. The outcome of doing this is that we will not only get more accurate results
in terms of mechanical stress distribution but also we would learn if these stresses
influence the mode of failure by following the crack propagation path and see if it follows

the fiber orientations.
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Chapter 6 - Article: “Fibrous cap collagen fiber
remodeling Increases atherosclerotic plaque
vulnerability”

Authors:
Ramses Galaz, Marika Archambault-Wallenburg, Rosaire Mongrain, Richard Leask, Jean

Claude Tardif.

Objectives:

e To characterize the anisotropic map of the collagenous structure of the fibrous cap
based on computational image analysis. The orientation of the collagenous
structure will provide insight in determining the degree of anisotropy of the
fibrous cap and consequently what are the preferred stress orientations of the
individual fibers.

e To develop a computational tool to perform image analyses to map the local
orientations of bundles of collagen fibers based on image processing techniques.
This would serve to assess the degree of anisotropy of each image analyzed and
spatially map the orientations of each individual fiber in the images.

e To construct the respective histogram of orientation angles of the analyzed region.

e To link the fiber orientations to fracture modes of atherosclerotic plaques. The
architecture can influence the mode of failure in terms of crack initiation and

propagation.
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Hypotheses:

The collagen fiber orientations remodel according to the modified mechanical
loading induced by the geometrical changes within the fibrous cap in order to
better respond to the mechanical loads. This suggests that individual fibers should
have different orientations depending on their spatial location within the fibrous
cap.

The fibrous cap has localized arrangements of fiber orientations and thus has
different anisotropic properties depending on the location. This can make the
fibrous cap prone to certain fracture modes and consequently increase its
vulnerability under certain conditions such as exercise.

The possible role of the ultrastructure in the fibrous cap mechanical fatigue
(FCMF). Specifically, we considered the anisotropic effects of the collagen fibers
architecture in the caps to influence the mode of failure in terms of crack
propagation. We hypothesize that these cracks are likely to be parallel to the fibers

as the tissue matrix would exhibit weak mechanical properties along this path.

112



6.1 Abstract

Atherosclerotic plaque rupture has been associated in 70% of the cases of acute
coronary syndromes [16]. The rupture of the plaque’s fibrous cap may lead to a sudden
thrombus formation and subsequently an acute myocardial infarction. The fibrous cap
acts as a protective layer that covers the atherosclerotic plaque and it is mainly composed
of collagenous tissue and smooth muscle cells [27] and it prevents the contact of blood
with the highly thrombogenic contents inside the core of the plaque. Many computational
finite element studies have been performed in order to analyze the failure mechanics of
the fibrous cap tissue. However, the failure phenomenon is not yet fully understood. Our
work focused on assessing the role of the collagen fiber orientations in the fibrous cap
tissue for its propensity to rupture. We developed a computational code to obtain the
vector map and histograms of the orientations of the collagen fibers using tracking
algorithms and based on histology images from human specimens of atherosclerotic
plaques. The results showed that the collagen fibers of the fibrous cap do not follow a
unique orientation but are circumferentially oriented at the shoulders of the cap, and they
gradually shift to a longitudinal orientation as they progress towards the peak of the
plaque. The fiber tracking algorithm provided good results with respect to the histology
images and was able to analyze the tissue to any desired level of resolution as long as the
provided images showed good contrast between the fibers and the void spaces. The
information on the collagen fiber organization could help refine the numerical analyses
for predicting the sites and modes of failure and fissure propagation of the fibrous cap
based on a more accurate anisotropic model. The numerical models can provide a better

insight to determine the probable zones of crack initiation and the fiber orientation maps
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can provide possible paths of crack propagation. The anisotropic effects of the collagen
fibers architecture in the caps can influence the mode of failure in terms of crack
propagation. We hypothesize that these cracks are likely to be parallel to the fibers as the
tissue matrix would exhibit weak mechanical properties along this path. More
specifically, we hypothesize that the new arrangement of collagen fiber which was
established essentially under rest conditions to better sustain the new mechanical loading
associated with the morphological change induced by the plaque would be very weak
under modified morphologies resulting from exercise or any other physiological reasons

for vasodilations.

6.2 Introduction

Cardiovascular diseases represent one of the main causes of death in developed
countries. Atherosclerosis is a chronic inflammatory disease that narrows the lumen of the
arteries by the gradual growth of a plaque that is composed of fatty deposits, cholesterol
crystals, cellular waste products, calcium minerals, and connective tissue. The fibrous cap
is a protective layer that covers the atherosclerotic plaque and it is mainly composed of
collagenous tissue and smooth muscle cells [27], in particular collagen type I [110, 111,
112]. This fibrous cap prevents the contact of blood with the highly thrombogenic
contents inside the core of the plaque. The rupture of the fibrous cap has been extensively
associated with acute coronary syndromes such as myocardial infarctions. This study
focused on the analysis of the structural anisotropy of the fibrous cap in order to assess its

spatial mechanical properties to better understand how plaque ruptures might occur.
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Collagen is the main protein of connective tissue in most biological materials and
it is present in the form of long fibers [113]. These fibers act as the main structural
component of soft tissue and they are biologically designed to act under tension. The
structure and functionality of living tissue is constantly modified through changes in
mass, geometry and the rearrangement of the microstructure according to its
mechanobiological environment [114, 115]. It has been proposed that collagen fibers
reorient over time to align themselves with respect to the principal stresses when
analyzing collagenous tissue such as aortic heart valves, tendons, and porcine coronary
arteries [116, 117, 118]. These changes in the microarchitecture affect the localized
mechanical properties of these materials and thus the anisotropy strongly depends on the
orientation of the fibrous phase [119, 120].

The fibrous cap in atherosclerotic plaques of coronary arteries is mostly
composed of collagen fibers and smooth muscle cells [16, 27]. The presence of a stenotic
eccentric plaque in the coronaries alters the hemodynamics [86] and produces a non-
uniform pressure distribution along the fibrous cap of the plaque. The magnitude and
orientation of the strains within the different regions of the fibrous cap greatly depend on
the particular morphology, the stiffness of the core, and the thickness and structural
integrity of the fibrous cap. Plaque characteristics vary significantly from case to case,
therefore it is expected that the anisotropy of the fibrous cap varies as well in accordance
to the localized mechanobiological environment. Other authors have found good
correlation between the fibrous phase orientations and the typical tensile stresses of the
particular tissue analyzed [121, 122, 123, 124, 125]; other authors such as Gasser et al.
[126] have determined the mechanics of layered structures of artery walls based on

anisotropic models. Based on this information, we hypothesized that the fibrous cap tissue
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should have similar reorganization characteristics. It then becomes important to
characterize the full anisotropic map of the collagenous structure of the fibrous cap to
couple these fiber orientations with the patient-specific finite element models to produce
more accurate estimations of the mechanical stresses. The results from these numerical

analyses would provide insight on rupture initiation and fissure propagation.

6.3 Methods

6.3.1 Numerical models of flow through stenosed arteries

A set of computational models of stenosed coronary arteries from the study
performed in chapter 2 of this thesis were used for the numerical analyses to compute and
map the principal stresses orientations. The models were constructed using cylindrical
tubes of the typical dimensions of a coronary artery. These dimensions were set to be 3
mm for the internal diameter of the artery, 0.5 mm for the artery wall thickness, 20 mm
for the length of the cylinder and 15 mm length for the stenosis. The stenosis geometry
was modeled as an eccentric protrusion using Gaussian curves along the longitudinal axis
with different heights to account for the different degrees of stenosis. The percentage of
stenosed area ranged from 19% to 91% and the thickness of the fibrous cap ranged from
200 to 500 microns.

The material was assumed to be incompressible due to the high water percentage
content in the tissue, therefore a Poisson’s ratio of v=0.49 was defined. The material’s
Young modulus for both the artery wall and the fibrous cap together was assumed to be

800 KPa agreeing with other reports of linear elastic modulus values [32, 68]. The models
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were analyzed with static fluid-structure interaction methods and subjected to a constant
blood flow of 100 ml/min that corresponds to the normal maximum diastolic flow of the
LAD coronary branch reported by Berne [42] and a normal intraluminal mean pressure of
100 mmHg. The maximum diastolic flow value was chosen as it was demonstrated in a
previous study to be the point in time where the maximum stresses occurred within the
plaque’s components.

The fluid-structure interaction studies of the coronary flow in the presence of the
stenotic plaque found that the principal stress orientations of the nodes within the fibrous
cap were arranged non-uniformly. These orientations followed the stress distribution
caused by the hemodynamic pressure gradient forces acting on the lumen surface of the
plaque and affecting its different structural components. The principal stress orientations
were mainly circumferential in the non-stenosed sections of the artery, while those at the
peak of the fibrous cap tended to be axially oriented (Figure 6.1). As the percentage of
stenosis increased from 19% to 91% the effect of longitudinal principal stresses atop the

plaque became more evident.
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Figure 6.1: Vector plot of the principal stress orientations within the fibrous cap tissue
from a fluid-structure interaction numerical model using idealized and realistic

geometries

6.3.2 Tissue preparation

In order to obtain images of the collagen fiber bundles, we decided to use
microscopy images of histological studies. Two coronary plaques were excised from the
same human subject and kept in a 10% formalin solution. The first plaque was located in
the branching point of the LAD and LCx arteries while the second plaque was located
approximately 13 mm further downstream of the LAD. The specimens were prepared for
histological studies by embedding them in paraffin and slicing at a layer thickness of 4
microns. The first plaque specimen was sliced in the longitudinal direction from a lateral
perspective of the plaque in order to visualize the orientation of collagen in the fibrous
cap region from the side (Figure 6.2). The second plaque was sliced also longitudinally
but from a top perspective. The slices were prepared using the Masson Trichrome (TRI)

staining protocol as it is a well known method for visualizing collagen by differentiating
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it from smooth muscle cells [127, 128]. The collagen fibers stain blue, the nuclei stain
black and the background (muscle, cytoplasm, etc.) is stained red. The specimens were
observed under a microscope at the magnifying factors that would best depict the

collagen fiber orientations in the particular region of interest.

Figure 6.2: Longitudinal cut of the diseased branching point of the left coronary artery

specimen

6.3.3 Image processing software development

The analysis of the fiber orientations was done using the Matlab software
environment (Mathworks, Natick, Massachusetts). The images were created by digital
photography under a microscope at 10X magnifying factor of the regions of interest. The
images were cropped so that the source data was 1024 x 1024 pixels. The images were
first binarized and filtered to obtain black and white images with as little noise as possible
(Figure 6.3), with the threshold being set by the user with the criterion of producing good

contrast between fibers and void spaces. The image was separated into sections and
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binarization was performed section by section in order to avoid the loss of data resulting
from the uneven illumination of different regions of the image. The Euclidean distance
transform of each binary image was then computed using Matlab’s integrated bwdist
function. This gave us images where the fibers were clearly discernable. The program
first proceeded to find starting points of the fibers from which the rest of the length of
each fiber would be traced. This was done by identifying the centroids of the regions of
local maxima in the Euclidean distance mapping. Once the starting points had been
provided, the program searched a box surrounding this starting point for the next point
along the fiber. For each starting point (x,y), the program searched the boundary of a box
of radius r, where r is the value of the same pixel in the Euclidean distance mapping. The
orientations of the new segments constituting potential prolongations of the fiber were
compared to the orientations of the previous segments. If the new segments backtracked
along the fiber had a difference in the XY plane greater than 37/8, or any other user-set
threshold, they were rejected. When multiple potential points were encountered, only one
was appended to the fiber’s list of coordinates while the rest are stored as so many more
starting points. The candidate point which was the most likely to follow in a multiple
point scenario was selected on the basis of both the value of the Euclidean distance map
and the difference of orientations between this new segment and the previous one; the
remaining points of the branch were added to the list of coordinates of starting points, and
served as the next central point around which to seek continuations. The program
recursively marched from one point to the next until either the end of the fiber or of the

image was reached (Figure 6.3).
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Figure 6.3: (top) Binarised image of the histopathological specimen. (bottom) Fiber
orientations as computed by image processing superimposed on a grayscale image of
collagen fibers. The image corresponds to a lateral view of a longitudinal section of the

fibrous cap at 10X magnification.

At the end of the each fiber tracking process all points were then fitted to a linear

regression curve which gave a direction vector for the fiber. The distances from one point
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to the next were added in order to find the length of each fiber. It was assumed that longer
fibers have a more reliable direction and are more likely to reflect the overall orientation
of the collagen fibers within a specific area. Therefore, the mean direction of the fibers in
a stack of images was found by computing the eigenvector of the direction cosine matrix,
which was calculated from the direction vectors multiplied by the length of the
corresponding fibers rather than directly from all the direction vectors. This had the effect
of giving the orientation of the longer fibers more weight, and thus avoiding the relevant
orientation data being lost in a large number of very small fibers, whose directions are
much less accurate than those of the longer ones.

The code was written to be able to perform 3D tracking of fibers when presented
with a stack of images of known separation between them. Imaging technologies such as
confocal or multi-photon microscopy are able to create stacks of images of the sample at
various depth levels. The code was written in order to process two modalities of 3D fiber
tracking: slice per slice analysis and full 3D analysis.

The slice per slice method grouped together the collagen branches that were
located almost directly one above each other (i.e. fibers on contiguous slices, and the x,y
coordinates of their center-of-masses are not apart more than the user-defined value of 15
pixels). Because of the way the images were obtained, it was likely that fibers that were
parallel to the imaging plane would be apparent on more than one slice and appear quite
clearly on a few successive images. By grouping together the branches that seemed to
represent the same fiber, we reduced the artificial multiplication of fibers. These longer
lists of points consisting of merged planar branches are then three-dimensional, and the

same analysis can be performed on them as on the branches found with the 3D analysis.
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The full 3D analysis analyzed the whole stack of images at once and the fiber
tracking took place in 3D, with the program scanning the surface of a “cube” instead of a
square centered at the starting points. However, since the vertical distance between two
pixels on different slices is much more that the horizontal distance between two
contiguous pixels on a same slice, an allowance is made for this and a different radius of
search is defined in the z direction.

The level of resolution that the code can analyze is only limited by the imaging
technology. There are no strict restrictions on the size of the map or resolution level as
long as the images provided have good contrast levels. The collagenous map could then
be reconstructed at any particular size and level of resolution desired.

Finally, once the fiber orientation information was obtained for each image or set
of images, polar histograms of the weighted number of fibers and their respective angles
were reconstructed to visualize their global orientations. The xy orientations of the fibers
were illustrated on a rose plot. The data plotted is simply the xy projection of the
direction fibers for each fiber, with no distinctions of length or size. Since the orientation
of the fibers is axial (ie. orientations of 45 degrees or of -135 degrees are equivalent), the

rose plot is symmetric.
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6.4 Results

6.4.1 Tissue preparation and staining

The specimens were fixed in a 10% formalin solution, embedded in paraffin and
cut at various thicknesses for histopathological studies. It was found that slices of a
thickness of 4 microns provided appropriate image data for our image analysis purposes.
We were interested in obtaining images of high contrast between the blue stained
collagen fibers and the white void spaces so that they would clearly show the orientations
of the bundles of fibers. The Masson Trichrome staining protocol [127, 128] provided not
only good contrast images but also a clear identification of the collagenous tissue
locations by staining the fibers in blue. Two sets of analyses were done for the different
plaques; the plaque that was located near the main branching point of the Left Anterior
Descending (LAD) coronary plaque was cut longitudinally to show the fibrous cap tissue
from a lateral perspective (Figure 6.4). The second plaque specimen was also cut

longitudinally and to show the fibrous cap from the top view (Figure 6.5).
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Figure 6.4: Composition of images of collagen fibers (stained blue) in a longitudinal
section of the peak of the fibrous cap stained with the Masson Trichrome protocol at 10X

magnification factor

Figure 6.5: Top view of a longitudinal section of the fibrous cap tissue processed with the

Masson Trichrome staining protocol
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6.4.2 Principal stresses orientations according to the numerical models.

In order to demonstrate that there is a reorientation of the principal stresses
orientations within the fibrous cap, we used the same numerical models described in
chapter 2 of this thesis, we probed the magnitude and orientation of the principal stress
located at the closest point (or node) atop the peak of the plaque. From figure 6.1, we can
establish that the principal stresses within the fibrous cap are not homogeneous in either
magnitude or orientation. Figure 6.6 shows the maximum principal stress calculated at the
closest point to the peak of the plaque. Figure 6.7 shows the respective angle of
orientation of that particular principal stress with respect to the longitudinal axis or blood
flow direction. Figure 6.8 is a schematic drawing of how the angle of the principal stress
varies depending on each case of different percentage of area stenosis.

It is interesting to notice that the angle of orientation of the maximum principal
stress is 90° when the area stenosis is 0%. This makes perfect sense as all of the principal
stresses are oriented circumferentially as this is the case of a perfectly healthy artery.
There are no hemodynamic perturbations and thus there is no inflection in the mechanical
stresses in the artery wall, which only “feels” the intraluminal pressure. As we progress
towards higher percentages of stenosis, we notice in figure 6.7 that the orientation of the
principal stress quickly drops to 0° in the range of 19% to 43% and becomes aligned with
the blood flow direction afterwards. The magnitude of such principal stress increases
gradually in a non-linear fashion as the percentage of area stenosis increases. In simpler
terms, it is when the plaque is small or mild that we can observe these gradual changes in

the orientations of the principal stresses. In the more severe stenoses (above 43%), we can
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only identify an increase in the magnitude in the principal stress and its orientation

remains aligned to the blood flow direction.
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Figure 6.6: Maximum principal stress vs. percentage of area stenosis at the closest point

of the peak of the fibrous cap.
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Figure 6.8: Schematic drawing of the orientations of the principal stresses atop the peak

of the plaque in different percentages of area stenosis.
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6.4.3 Fiber tracking

The fiber tracking results are displayed in figures 6.9 to 6.12. As expected, the
computer code can track the fibers in any particular region or level of resolution as long
as the code is provided with a images with high contrast between the void spaces and the
collagen bundles. However, with poor contrast the program can generate results with
significant errors. Figures 6.9 and 6.11 are the results of the image dataset presented in

Figures 6.4 and 6.5 with the fiber direction arrows superimposed.
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Figure 6.9: Collagen fiber orientation vector plot as a result of computational image

analysis of the lateral-longitudinal section of the peak of the fibrous cap
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Figure 6.10: Rose plot histogram of the image analysis in Figure 6.9
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Figure 6.11: Collagen fiber orientation vector map as a result of computational image

analysis (Top view of fibrous cap)
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Figure 6.12: Rose plot histogram of the image analysis in Figure 6.11

131



6.5 Discussion and conclusions

From the image analyses, it becomes clear that the collagenous tissue of the
fibrous cap does not have a unique architecture and the fiber orientations vary with
respect to the spatial location.

Our hypothesis suggests that the fibers within the fibrous cap are arranged to
sustain the mechanical loading which is translated as the corresponding principal stresses.
This phenomenon has been demonstrated for other human and non-human biological
tissues [114, 115, 116, 117]. Two human specimens of coronary plaque is limited,
however, it is coherent with literature results obtained with other tissue. These two
specimen results are not absolute proof that fibers follow the principal stresses, however,
they obviously demonstrated that anisotropy is an important factor. The information on
the collagen fiber organization could help refine the numerical analyses by incorporating
the spatial anisotropy into the finite element models for predicting the sites and modes of
failure of the fibrous cap. The same methodology can also be used to analyze other
pathological conditions such as aneurysms where the understanding of tissue failure mode
is as critical.

In this study we used images processed through histopathology in order to obtain
high contrast images that would clearly depict the collagen fiber bundles. The Masson
trichrome staining protocol provided good contrast images and a clear identification of
the collagenous tissue locations by staining them in blue. The appropriate images for
processing were those sectioned at 4 micron thicknesses as they clearly showed the void
spaces between the fibers. Other imaging techniques such as confocal and multi-photon

microscopy can be used to obtain high contrast images of collagen fibers either as
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individual planes or as stacks of images for three-dimensional reconstruction. The model
however has limits, if there are any large voids that are not necessarily derived from the
collagen architecture and that they seem to have a particular orientation, they could be
confused with a large fiber that would outweigh the rest and thus show an incorrect
histogram.

In this chapter, we show that the anisotropy of the collagen fibers is strongly
dependent on the stress in the fibrous cap. In fact, the collagen fibers align with the
principle stresses orientations to sustain the new loading conditions. As a result, for
certain plaque morphologies the collagen fibers will establish certain anisotropies
(characterized with a transversely anisotropic model with certain values of angular
orientations of the fibers). This new arrangement is mainly established under rest
conditions. However, at exercise the plaque is deformed due to an increase of blood
pressure and flow rate which create new loading conditions for which the deformed fibers
arrangement with respect to rest condition which render the composite fibrous cap weak
to these transient loading conditions. This effect would directly affect the fatigue life of
the fibrous cap as it can induce certain stress conditions that may not be oriented in the
usual patterns and thus the endurance limit under these “unusual” stress conditions may
decrease and make the fibrous cap fail prematurely.

Future work would involve patient-specific plaque virtual modeling, stress it
under a virtual hemodynamic environment, and calculate the mechanical stresses and

their orientations.
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Chapter 7 — Discussion on article: “Fibrous cap collagen
fiber remodeling increases atherosclerotic plaque
vulnerability”

7.1 Collagen fiber visualization through histopathological studies

Histopathological studies proved to be a useful method when analyzing single
view images of particular sections of the specimens. We used this method for the
purposes of demonstrating that our computer code worked in the proper manner. It is a
current technique in most hospitals. However, we encountered certain limitation:

- The microtome exerts some degree of damage to the fibers when cutting them

even though they are embedded in paraffin.

- Once the tissue is embedded in paraffin we lose to a certain degree the
accuracy of the orientation with respect to the longitudinal axis of the artery,
therefore, when performing the cuts in the microtome, there is some
imprecision concerning the exact longitudinal alignment.

- Histopathology could become a cumbersome task for mapping the entire
coronary plaque, for example we would have to do 4 microns cuts to the whole
extension of the plaque, which could be in the range of 5 — 10 mm.

- The staining process and the organization of all the slices make the task slow
and expensive.

- It depends on the skill of the histopathology technician to correctly position
the slice onto the microscope slide without damaging the specimen.

It would be very useful to the purposes of this research to have a non-destructive

technology that could provide us with the collagen fiber mapping orientation in a three-
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dimensional field. In such a way we could recreate the plaque geometry in detail and
learn about the localized arrangement of fibers at the same time we know the geometry.
We could easily then input the particular anisotropy of an element in the numerical

analyses using the same technique.

7.2 Plaque analysis through MicroCT scans

The micro-computed tomography data simply did not have the required spatial
resolution. The tomographic images did not produce enough contrast of the void spaces
between the collagen fibers.

An interesting observation was done when analyzing a heavily calcified plaque,
while the exterior of the plaque seemed hard and tough from the exterior, the interior had
little or no calcification when seen from a cross-sectional MicroCT view (Figures 7.1,
7.2), and this suggests that the calcification process might take place around the edges of
the core where most inflammatory activity occurs. Mechanically speaking, this could
mean that potentially fully calcified cores might be weaker as only the exterior shell of
the core is hard, while the center of the core is still filled with lipids. Further research

needs to be done in this particular area.
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Figure 7.1: MicroCT longitudinal image of a calcified atherosclerotic plaque

Figure 7.2: MicroCT image of a cross-section of the same specimen above. Notice the

calcified areas around the edges of the plaque’s core.
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7.3 Other methods

Other technologies that could assess the collagenous structure include Confocal
Microscopy, which can image collagen fibers when stained with picrosirius red. Confocal
Microscopy can image up to a certain depth, therefore it still is a semi-destructive
methodology as we still need to perform slicing of the specimen, although thicker slices
are allowed. This technology was not tested due to tissue unavailability at the time.

Collagen fiber visualization through an experimental setup of a Second Harmonic
Multiphoton Microscope was an option [129], however, since the setup was experimental
in nature it was limited in the depth of visualization and it lacked a visual reference on the

particular location of the microscope’s field of view.

7.4 Future improvements

While the two-dimensional results have proven to be effective and accordingly to
the images analyzed, two-dimensionality still limits us to have “slices” of the specimen
and not assess the intrinsic three-dimensional nature of the fiber arrangements. Future
enhancements to the computer code are to be able to map in a 3D path each fiber using
stacks of images and to use this information in a spatial matrix where we could
incorporate fiber orientations results into the anisotropic properties of the material in a
finite element analysis. The most probable outcome of incorporating anisotropy in the
numerical analyses is that the resulting principal stress fields (which by hypothesis are

followed by the collagen fiber) could be lower than the values predicted using isotropic
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materials as the tissue would be stiffer in the direction of the fibers. This means that the
stress magnitudes could be overestimated in isotropic materials. Using the true anisotropy
of the tissue we could obtain more accurate results and a better understanding of how

tissue failure initiates and propagates.

7.5 Fibrous cap mechanical fatigue relation to collagen fiber orientation

In chapter 6, we thoroughly discussed the relationship between collagen fiber
orientations with the principal stress patterns. Several authors have reported this
relationship and we have also demonstrated that the fibrous cap’s collagen fiber
orientations are arranged differently depending on their spatial location; these orientations
were most probably induced by the artery wall remodeling due to the continuous
repetitive pattern of cyclic stretching. However, in the case of a sudden jump of cardiac
output, the local intraluminal pressure and flow may rise and thus induce hemodynamic
changes that are not “usual” to a particular plaque’s fibrous cap. The principal stress
magnitudes and orientations may suddenly have different conditions that would
precipitate a premature failure due to the mechanical fatigue of the collagenous structure

of the fibrous cap.
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Final conclusions

Our analyses on ideal geometries with static flow have demonstrated that the highest
stress concentrations always occurred in the proximal side of the plaque under perfectly
symmetrical geometries. This suggests that hemodynamics does play a role in the
preferred zones of stress concentrations. The numerical results also demonstrated that
these stress concentrations are mostly located in the “shoulder” region where the fibrous
cap joins the artery wall. This implies that the fibrous cap is being “pushed” away by the
hemodynamic forces and the zone of reactive stress is located at the shoulder as such
zone is less “displaceable” than the rest of the fibrous cap. Furthermore, the level of
displacement of the fibrous cap is directly related to the degree of stiffness of the core. In
this scenario, the plaque’s core acts as the structural foundation of the fibrous cap. If the
core is very soft, it will allow for a great displacement of the fibrous cap as it is pushed by
the hemodynamic forces. On the contrary, if it is hard (or calcified), the structural
stability will not allow great displacements of the cap and thus it would experience
mechanical strains of lesser magnitude. The fibrous cap thickness also plays an important
role in the plaque’s structural stability. From the results, it is evident that thinner fibrous
caps translate directly into higher stress magnitudes that could potentially rupture the
plaque. The analysis from the first article clearly indicates that a combination of critical
factors, such as a thin fibrous cap, a mild to large percentage of stenosis and a soft lipid
core increases the chances of the fibrous cap failure.

A very interesting finding was that for the most critical cases of thin fibrous cap and
soft inclusion at various levels of stenosis, the peak stress behavior showed a “plateau”

region (Figure 2.13) for stenoses between 43% and 75%. This region may explain why
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mild stenoses are equally vulnerable to rupture than severe stenoses given the fact that
they are subjected to mechanical stresses similar to those of severe stenoses. The results
derived in chapter 2 suggest what are the morphological and mechanical conditions to
induce rupture under ideal conditions. However, the time-dependent flow requires to
introduce the concept of fibrous cap mechanical fatigue (FCMF) as it is essential to
calculate the stress amplitude and mean stress of each node in the numerical analysis in
order to assess the global effects of these variables for the fatigue life.

The second article provides more information about the particular physics that take
place during the transient flow over one cardiac cycle. The analyses with time-dependent
inlet conditions on coronary flow and pressure resulted in a significant pressure drop
across the proximal and distal sides of the stenosis when the blood flow was highest,
coinciding with the highest stress magnitudes in the proximal shoulder region of the
fibrous cap in the same timestep. Results also suggest that the greatest energy losses
occur whenever it translates into the mechanical deformation of the weakest structural
components of the plaque. Whenever the flow was at its lowest (such as at the beginning
of systole), the maximum magnitude of stress followed a similar pattern as the
intracoronary pressure inlet conditions. The treatment of plaque failure as a fatigue
problem provided some insight that some particular zones in the model could prematurely
fail as a consequence of a progressive injury due to the pulsatile cyclic stresses rather than
a nominal stress threshold value. More research needs to be done in this area and it is
ultimately necessary to construct an S-N curve for fatigue failure of arterial wall or
fibrous cap.

The third article also provided evidence that indeed the fibrous cap’s collagen fibers

have preferred orientations depending on the particular spatial location and associated

140



mechanical loading conditions. Our results suggest that they follow the principal stress
orientations as the artery fibers rearrange their orientation to be aligned with the principal
stresses. An hypothesis we put forward is that once the tissue has remodeled into a
“stable” fiber pattern under rest conditions, a sudden increase in flow and pressure can
alter the normal stress pattern and thus solicitate the composite structure of the fibrous
cap in its weakest orientation and trigger a premature failure of the tissue due to fibrous
cap mechanical fatigue (FCMF). The histology pictures and their respective computer
image analyses provided direct evidence that we must account for the fibrous cap’s true
anisotropy in order to further refine the numerical models in order to better understand the
initiation of plaque fissuring and crack propagation. Our computer code for mapping the
fibrous cap’s anisotropy provided good results in terms of tracking the fibers from the
images, however, further refinements to the code need to be done in order to incorporate
the 3D spatial data and the anisotropy information into the model for finite element
analyses.

Finally, we provided in this thesis some possible explanation for the paradoxical
rupture of mild vunerable plaques. Indeed, we show that plaques of around 40% stenosis
are subjected to stresses equivalent to those of about 75% stenosis in the “plateau” region
observed in the results. In addition, we have also showed that the orientation of collagen
fibers for such mild plaques was near the weakest possible orientation that would result in
rupture. Also, we showed that the vulnerability to rupture of a multiple plaque scenario
may be different than that of single plaques with similar morphologies and material
properties. The spatial location of the multiple plaques as well as their material properties

affect the hemodynamics and thus the overall distribution of the mechanical stress.
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