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1. General Introduction
1.1 Cardiovascular Diseases

Cardiovascular diseases (CVD) still remain the most common
cause of deaths in Europe. Recent statistics show that the number
of death casualties due to CVD was over 4 million (47% of all
deaths) in Europe and around 1.9 million (40% of all deaths) in
the European Union (EU) area [1]. Despite the fact that CVD
takes millions of lives every year, it also imposes an enormous
economic burden that is estimated to cost almost 196 billion
euros to the EU economy [1]. CVD is associated with heart and
blood vessels and can take several forms, but the most common
types of CVD are stroke and coronary artery disease (sometimes
also referred as coronary heart disease).

1.2 Coronary artery disease
There are three main layers in the coronary arteries wall. The first
and innermost layer is known as tunica intima which is composed
of a single layer of endothelial cells (EC) and is further supported
by a thin layer of elastic tissue known as internal elastic lamina
(IEL). IEL acts as a flexible barrier between the endothelium and
the smooth muscle cells (SMC). The IEL is a fenestrated
membrane and a major proportion of these fenestrae do not have
cellular contents. Moreover, the functional significance of these
fenestrae is not known but one of the possible roles for these
holes is to act as low-resistance pathways for the diffusion of
substances between intima and media [2]. The second (middle)
layer of the vessel wall is known as tunica media which mainly
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consists of SMCs and extracellular matrix (ECM) components
including elastin and collagen. A thin layer of external elastic
lamina (EEL) separates the tunica media from the tunica
adventitia (the outermost layer). The adventitia is mainly
composed of fibroblasts and thick bundles of collagen fibrils [3].
Coronary artery disease (CAD) is the foremost type of CVD that
accounts for almost 1.8 million deaths in Europe each year [1].
CAD occurs mainly due to the development of atherosclerosis (a
specific form of arteriosclerosis) where a plaque or stenosis
composed of fatty material builds up within the tunica intima and
tunica media of the coronary arteries and restricts blood supply to
the heart. The growth of plaque ultimately leads to the occlusion
of the artery, resulting in a decrease in blood supply, and causes
stroke or myocardial infarction.
CAD is also linked to smoking, alcohol consumption, diabetes,
hypertension, nutrition and physical activities that are mostly
associated with our daily life style [4]. Once the disease develops
and is diagnosed, the patient needs to be treated with a surgical
interventional procedure.

1.3 Coronary artery treatment
Percutaneous transluminal coronary angioplasty (PTCA) was first
introduced in 1977 [5]. At that time, the treatment procedure
involved insertion of a balloon, guided through a catheter, at the
site of blockage in the coronary artery where it is inflated at a
certain pressure to cause forced expansion of the blocked artery.
This mechanical expansion of the plaque and artery is also known
as balloon angioplasty. Once the procedure is completed, the
balloon is deflated and withdrawn from the artery. After its
invention, it has been practiced as the most frequent treatment
for patients suffering from CAD. Initially, PTCA was only limited to
balloon angioplasty and despite its high procedural success, this
procedure was limited by the development of restenosis in which
arteries blocked again and patients required re-treatment. With
the use of Balloon angioplasty, 30 - 50% of the patients tend to
suffer from restenosis [6]. Another major drawback of balloon
angioplasty was negative remodelling [7] in which the area of the
vessel decreases and leads to collapsing of the vessel.
In order to avoid restenosis and unexpected vessel collapsing,
stents were introduced and the first coronary stent implantation
results were available in 1987 [8]. A stent is a tiny metallic mesh
crimped over the angioplasty balloon catheter and moved to the
area of stenosis. The stent is deployed by inflating the balloon at
a certain pressure. Once deployed, the stent acts as a scaffold
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and prevents the vessel from collapsing. The balloon catheter is
then deflated and removed from the patient. Balloon angioplasty
alone and balloon angioplasty with stent placement are minimal
invasive treatments that can only be used on patients whose
coronary arteries are not completely blocked. Another invasive
treatment to treat the patient suffering from severe CAD is to
perform open-heart surgery where a vascular graft is used to
bypass the blocked artery. The new-bypassed path allows
oxygen-rich blood to flow through the heart muscle. The
treatments options available to patients suffering from
atherosclerosis depend heavily on the condition of the artery
occlusion.

1.4 Coronary stents and in-stent
restenosis
In-stent restenosis (ISR) is a regrowth of tissue within the vicinity
of a stent that occurs in response to the endovascular treatment
(figure 1.1). Tremendous efforts have been done in the field of
endovascular stents in terms of their design, flexibility, material,
and coatings but ISR still remain a serious complication [9,10,11].

Figure 1.1: A histological image of a stented porcine coronary artery
showing neoinitmal growth inside the vessel. The histological section was
taken at 28 days post stenting.

Bare metal stents (BMS) were the first stents, which were often
made from 316L stainless steel or cobalt chromium alloy. BMS
coated with polymers that elute drugs such as sirolimus or
paclitaxel are known as drug eluting stents (DES) [12]. Sirolimus
or Paclitaxel eluting DES were the 1st generation DES. Newer DES
coated with antiproliferative drugs such as everolimus or
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zotarolimus are considered as 2nd generation DES [13]. The
current research in the field of stents focuses on new drugs and
materials that can be used for improving stent design and to
provide better efficacy and optimum flexibility along with required
strength. In recent years, stents with different coatings that can
target specific cell types, such as endothelial progenitor cells in
the vascular wall, have been developed with the aim of capturing
those cells as a prime target for faster vascular healing in order to
avoid post stenting complications [14].
Initially, the stents were deployed into the vessel wall along with
the balloon angioplasty where a stent is crimped on a deflated
balloon and inserted into the vessel. Once arrived at the location
of stenosis, the balloon is inflated pushing the stent to open. The
pressure exerted by the balloon forces the stenosed artery to
open along with the stent itself. Once the stent is deployed, the
balloon is deflated and withdrawn from the vessel. However, the
stent remains there at the blockage site and acts as a scaffold and
keeps the vessel open. As an improvement in the stent delivery
process, self-expandable stents have been developed and are also
currently in use in the clinical practice [15]. Despite this dramatic
progress in the stent design, ISR still remains a big problem,
although the chances of developing an ISR have been dropped
significantly from 30 % (with BMS) to 5-10 % with the use of DES
[16]. Although DES have now been widely used due to reduction
in the risks of ISR, DES have also been associated with a late
stent thrombosis (LST), very late stent thrombosis (VLST) and reinfarction [17,18]. Additionally, delayed re-endothelialisation and
vessel wall toxicity in the form of medial necrosis have been
reported [17,19,20,21,22]. The antiproliferative drugs coated on
DES inhibit neointimal hyperplasia but at the same time, these
drugs also hinder the regrowth of endothelium. The sites of
incomplete endothelialisation far beyond 30 days remain a potent
thrombogenic stimulus and may lead to develop (late or very late)
thrombosis [23]. Restenosis rates using endothelial progenitor
capturing stents are still not known and results are conflicting so
far. There are controversies where some studies have reported a
decrease in the restenosis thickness whereas some others
observed no reduction in the growth of ISR when using
endothelial capturing stents [14,24].

1.5 Pathophysiology of in-stent restenosis

Enormous efforts in the past decades have been done to
understand the pathophysiology of ISR and to discover treatment
options that can target specific cells to avoid the neointimal
development. However, the mystery behind this mechanism still
remains an open question [16,25]. The process of ISR can be
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categorized into four phases: thrombus formation, inflammation,
SMC migration and proliferation and arterial remodelling
[16,26,27]. However not fully elucidated, it is now widely
accepted that the trauma originated due to the balloon
angioplasty and stent deployment damages the vascular intima
and produces a stretch on the medial layer. Subsequent to this
injury to the intimal and medial layers of the vascular wall
[28,29], endothelial cell loss due to stent deployment results in an
exposure of thrombogenic sub-endothelial molecules which
activate platelets, causing them to aggregate. The healing process
later includes the involvement of circulating inflammatory cells,
such as neutrophil, lymphocytes, monocytes etc. that adhere at
the site of injury [26,30]. These cells further migrate into the
thrombus and release growth factors such as platelet-derived
growth factor that promote the activation of the underlying SMCs
to change their phenotype from a physiological quiescent state to
a more pathological synthetic state [31]. This phenotypic change
facilitates SMCs to migrate from the medial layer into the lumen
where they proliferate. The process further continues to
extracellular matrix formation and finally arterial remodelling
[16].
The critical determinants associated with the severity of ISR
development are related to the design of the deployed stent such
as cross-sectional strut shape and arrangement, strut thickness,
inter-strut spacing, stent length, the stretch and injury within the
stented segment. These factors seem to have profound effect on
the initiation and progression of ISR by influencing the biological
events occurring in the vessel [32]. In addition to the abovementioned factors, changes in the hemodynamic parameters such
as shear stress and cyclic stretch (due to the pulsatile nature of
blood flow) have been shown to influence both normal and
pathologically affected vessels. Arteries adjust their luminal area
in response to alterations in flow to maintain basal levels of shear
and tensile stresses [33,34,35].

1.6 2D Multi-scale model of ISR
In the past few years, in silico experimentation has become a
very attractive method to understand complex biological
processes, allowing to make predictions and to formulate new
hypotheses that can be further tested using in vivo or in vitro
trials [36]. Biomedical systems usually are very complex and their
inherent complexity originate due to their multi-scale multiscience nature [37,38]. Such systems are organized into a
hierarchy of scales that span from the molecular to the organ
level (spatial scales) where each process also occurs at different
temporal scales. There is a complex interplay between all the
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scales from top level down to the grass root and because of this
interplay, any change at one scale affect tremendously the
behaviour of the whole system. The computational complexity
involved in modelling a biological system such as ISR, requires a
decomposition of the problem into small single scale models
[39,40,41,42,43]. The basic formulation and design of the model
was
developed
in
the
COAST
project
(www.complexautomata.org). The aim of that project was to develop a generic
framework for modelling and simulating multi-scale multi-science
complex systems, based on a hierarchical aggregation of single
scale sub models. A MUltiScale Coupling Library and Enviornment
(MUSCLE) was first developed within COAST [44] to glue all single
scale models together and this modelling framework is further
improved during the MAPPER project (www.mapper-project.eu)
[45,46]. The basic idea behind COAST was that a complex multiscale system could be disintegrated into N single scale models
that mutually interact across the scales [40,41,43].
spatial scale

Velocity
Viscosity

tissue level

blood flow

<<geometry>>
Diff.coeff.

diffusion

Cell Cycle Data
Thresholds

SMC proliferation

Tissue
Cells

cellular level

<<shear stress>>
seconds

LEGEND:
<< .... >>

<<concentrations>
>

minutes

temporal scale
hours

days

inputs to single scale models
coupling between single scale models
data items passed in coupling templates

Figure 1.2: Simplified scale separation map (SSM). Adapted from
Caiazzo et al. [47]

A detailed scale separation map (SSM) of ISR, where all relevant
single scale processes were identified and represented according
to their temporal and spatial scales, was built [39]. A simplified
and more practical version was further considered to implement in
the ISR model [47]. This simplified version of the SSM including
blood flow (BF), a tissue growth model (SMC) and drug diffusion
(DD) from the struts, is shown in figure 1.2. The single scale
models (BF, SMC and DD) run independently and they are
coupled through conduits in such a way that the output of one
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becomes the input of another. From figure 1.2, it is clear that
scale separation between the single scale models is confined to
temporal scale. However, there is a scale separation on the
spatial scale that exists within the SMC model, which includes
processes that occur at the cellular level and those occurring at
the tissue level. The blood flow is the fastest process in this
multiscale model which is dictated by the length of one cardiac
cycle (1 sec), whereas the SMC proliferation is the slowest
process which is based on the cell cycle of SMCs (32 hours for
porcine SMC [48]). The temporal scale of the drug diffusion
resides between the blood flow and SMC scales due to the spatial
dimensions of the arterial tissue in combination with the diffusion
coefficients of the considered drugs [47].
In this thesis mainly results of our two dimensional ISR model will
be presented. This model was first formulated and developed
within COAST [39,47,49], and was further developed and
modified as a part of this thesis research. The major modifications
were in the tissue model (SMC), which was further explored by
tuning its parameters and where additional biological processes
were considered by adding the effect of re-endothelialisation and
their subsequent effect on the inhibition of SMC proliferation. This
was a step-by-step process. Therefore, details relevant to specific
results will be presented in separate chapters of this thesis. The
more general details about single scale models and their mutual
couplings are explained in the next sections of this chapter. These
details have previously been published by Caiazzo et al. [47].

1.6.1 Single Scale Models
Blood Flow solver (BF): Alterations in the Wall shear stress
(WSS) distribution within the stented vessel segment is a central
ingredient that stimulate neointimal hyperplasia [50]. Therefore,
modelling ISR requires computing the WSS distribution with in the
stented vessel. The blood flow in the stented vessel is modelled as
a steady state incompressible Newtonian fluid using the Lattice
Boltzmann Method [51,52,53]. Periodic boundary conditions are
applied at the inlet and outlet whereas bounce back boundary
conditions are applied at the flow interfaces. The vessel domain
was discretised into regular lattice grids with a grid size of 10 µm.
In 2D, we used the most common D2Q9 L-BGK formulation of the
Lattice Boltzmann method..
SMC Model: The dynamics of cells in the SMC model are
simulated using an Agent Based Model where each cell is
represented as an agent. These agents are identified by a set of
state variables such as position, cell size, biological state and drug
concentration (in case of drug eluting stent). Each time step of
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the tissue model involves two types of solvers:
Physical Solver: This solver simulates the structural dynamics of
the cells by computing inter-cell forces between 2D cells. For two
overlapping cells, it is assumed that there are two forces between
the agents. One representing the repulsive force as the cells are
pressed into each other and the other representing an attractive
force associated with the interactions at the surfaces (separation).
The degree of attraction and repulsion between cells is based on
the cells overlap and separation respectively. The repulsive force
is computed as a function of the separation between the centres
of two cylindrical bodies with parallel axes based on Hertzian
contact [54,55].
Assuming Hertzian contact, the contact force per unit length is:
𝐹! =

𝑎! ∗
1
1
∙𝐸 ∙𝜋∙
+
                                   ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 1.1
4
𝑅! 𝑅!

Where 𝑅! and 𝑅! are the radius of both cylinders, 𝐸 ∗ =
the elastic Young modulus and 𝑣 the Poisson ratio.

!
!!! !

with 𝐸

Additionally, we may define 𝑎 as the radius of the contact area:

𝑎=

𝑅!  ! ∙ 𝑅!  ! − 0.25 ∙ 𝑠 ! − 𝑅!  ! + 𝑅!  !
𝑠

!

                               ∙∙∙∙∙∙ (1.2)

where 𝑠 is the distance between the centres of both cylinders.
If it is assumed that there is an attractive force per unit length
that is proportional to the contact length, with constant of
proportionality K:
𝐹! = 2𝑎𝐾                                 ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (1.3)
Then the total force per unit length between two cylindrical bodies
is:
𝐹 = 2𝑎𝐾 −   

𝑎! ∗
1
1
∙𝐸 ∙𝜋∙
+
               ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 1.4
4
𝑅! 𝑅!

Every iteration of the physical solver involves computing the new
equilibrium positions of the SMCs using an over-damped version
of Newton’s second law of motion. Neglecting inertial terms, the
model is described by the equation:
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𝐶

𝑑𝐱
= 𝐅 𝑡, 𝐱, 𝑟                                                    ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (1.5)
𝑑𝑡

where 𝐱 is the vector of cell displacements, 𝑟 is the vector of cell
radii and 𝐶 is a matrix of friction coefficients. The equation of
motion is currently solved by a simple first order explicit Euler
method. A measure of stress is also computed by adding the
absolute magnitudes of all the forces applied to the cell in each of
the radial and axial directions.
Biological Solver: The second solver is a biological solver that
simulates the cell cycle based on the biological rule-set. SMC
growth and division is described as different phases of the cell
cycle: quiescent state G0, a growth state G1 and a mitotic stage
S/G2/M where a mother cell divides into two daughter cells.
Progression through the cell cycle takes place at a fixed rate and
finally results in mitosis. Cell can enter or leave the G0 (inactive
phase) depending on certain rules. The rules deciding whether a
cell enters or remain in G0 include contact inhibition (based on
the neighbour count), WSS (for SMCs in contact with the flow)
and local drug concentration (in case of DES). The 2nd chapter of
this thesis includes the contribution of WSS during the SMC cell
cycle progression. However, this rule is modified in other chapters
where WSS sensed by functional endothelial cells is used to
produce nitric oxide (NO). Therefore those chapters include an NO
rule in the SMC biological solver instead of WSS rule.
Drug Diffusion (DD):
In case of DES, antiproliferative drugs coated on the stent struts
have proved to be an effective way of inhibiting neointima
formation after the injury caused by the stent and balloon
angioplasty. The stent struts act as a source that elute drug into
the vessel. This drug is then diffused into the cellular tissue. Thus
the spatial domain for drug diffusion model is equivalent to that of
the SMC model.
The process of drug diffusion is modelled with a generic
anisotropic diffusion equation, solved numerically by a Finite
difference method. The computational domain is discretised and
mesh points are classified into three categories. The portion of the
space, which was occupied by SMCs, is considered as tissue.
Stent struts act as a source of drug. The lumen is considered as a
sink where drugs eluted from the struts are immediately and
continuously flushed away by the blood. Since, the drug
concentration on each cell is required as an input to the SMC
model at every time step (Figure 1.2), therefore steady state drug
concentrations were obtained and passed to the SMC model.
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1.6.2 ISR Connection Scheme and Conduits
The above mentioned three single scale models (also called
kernels) are combined using MUSCLE [44,46]. The coupling of
these kernels requires a connection scheme which specifies the
communication topology. A connection scheme for ISR2D is
shown in figure 1.3. Special agents called conduits were
implemented to couple the single scale models. These conduits
were also used to perform filtering operations as well as data
conversion where the output data from one single scale model is
converted in such a way that it becomes an appropriate input for
another single scale model.
Conduit: SMC -> BF: This conduit is used to convert the SMC
domain (lattice free) into a lattice based domain. The BF solver
needs a new domain configuration after each iteration of the SMC
solver. This conduit generates the domain configuration
(computational mesh) from the current list of cell positions and
their radii. The computational mesh is further decomposed into
fluid and solid nodes.

Figure 1.3: ISR2D connection scheme (taken from Caiazzo et al. [47]).
Single scale models (BF, SMC and DD) are coupled together through
using mapper agents and the conduits.

Conduit: SMC -> DD: Similar to the SMC -> BF conduit, this
conduit also converts the array of cell position and their radii into
a computational mesh for the drug diffusion solver. Since the drug
is eluted from the stent struts and diffuses into the cellular tissue
and it is also flushed away into the lumen due to the blood flow.
Therefore, the computational mesh is marked with three different
types of nodes: tissue, solid (source) and fluid (sink).
When an input to the SMC model is required from other single
scale models, the coupling between single scale models becomes
slightly more complex. This is due to the fact that multiple inputs
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are required to generate one output that can further be fed to a
single scale model as an input. For that purpose, Mapper agents
were introduced which work like a conduit but can handle multiple
simultaneous inputs.
Mapper: BF -> SMC: After computing the flow field using the BF
solver, the observable that needs to be send to the SMC model is
the shear stress which is required by the biological solver in the
SMC model. This mapper reads from a conduit the boundary
nodes of the fluid grid and the corresponding shear stress values.
Additionally, it receives the current list of cells from the SMC
model. The mapper then further maps the shear stress values
from the fluid grid to each cell. Depending on the flow grid
resolution, shear stress on a cell is calculated by averaging the
values of the closest nodes.
Mapper: DD -> SMC: Similar to the shear stress mapping from
grid to the cells, this mapper maps the current drug concentration
on each cell. This mapper receives grid nodes belonging to the
tissue along with the corresponding drug concentrations from the
DD model. It also receives the current list of cells and their
positions. Depending on the DD grid resolution, drug
concentrations are approximated in a similar fashion, as done in
the BF -> SMC mapper.
Figure 1.3 shows an additional single scale model (Init), which is
executed only once at the start of every simulation to generate
the vessel geometry and to simulate the stent deployment into
the cellular tissue. The vessel geometry is achieved by generating
an array of SMCs and IEL* cells occupying the region of the artery
wall with a given packing density. The process of generating
vessel with densely packed cells includes a random assignation of
the cells sizes (within a fixed range) and cell positions. Therefore,
based on the cell-cell interaction rules, the generated cells may
not be in a state of equilibrium with their neighbours. The SMC
physical solver is operated with no external forces to obtain the
equilibrium states of the cells. The injury in the tissue is simulated
by pushing stent struts into the vascular tissue.
A stent is deployed by pushing a surface into the artery. The
surface of the stent is described as a barrier, the position of which
is updated as the stent is deployed. Stent deployment is modelled

* A monolayer of IEL agents is created to represent a lining of the IEL.
The equilibrium positions between the IEL agents are computed in a
similar fashion as done for SMCs using the potential function (based on
attractive and repulsive intercellular forces).
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by computing the forces on the cells that come into contact with
the stent during the deployment procedure. The direction of the
force is normal to the surface of the stent and the magnitude is
determined by the overlap of the stent with the agent in the same
way as any other circular agent. Due to the force exerted by the
struts on the tissue, IEL cells are removed based on the
longitudinal and hoop (circumferential) stress. This removal of the
IEL is considered as an injury to the vessel. The removal of IEL is
directly proportional to the deployment depth of the struts,
meaning that higher deployment depth damages a bigger portion
of the IEL layer, hence greater injury.
For further details about the single scale models, their
implementation and mutual couplings please refer to [39,47,49].

1.7 Research Motivation and thesis outline
The research presented in this thesis is highly motivated by the
desire to better understand the dynamics of the ISR process using
computer models. There is an increasing appreciation of a role for
computer modelling to aid our understanding of complex
biological problems. Such understanding is crucial in order to
develop new devices and therapeutic treatments. However, we
are a long way away from having such models that are sufficiently
robust to answer the most fundamental questions. ‘Why does ISR
start’ and ‘why does it stop’ are the most fundamental questions
within the context of ISR modelling. The current set of models
and simulations presented in the next chapters of this thesis allow
us to do hypothesis testing which might help to find explanations
for the above-mentioned primary questions. One hypothesis that
has been tested might be that the re-establishment of the
contiguous, functional endothelium stops SMCs proliferation and
hence stops ISR. The other main questions being addressed in
this thesis are: How does the ISR progress after the injury? How
does endothelium growth rate influence the neointimal growth
process? The neointimal growth in response to different
endothelium growth rates might suggest that why do some
patients develop ISR whereas some others don’t? Does the
migration of SMCs from the medial layer influence the overall
development of the ISR tissue? The thesis also addresses the
challenges involved in modelling such a biological system and
describes how to proceed further in modelling ISR for a better
understandability of the process in real three dimensional
environment, either idealized or patient specific.
Given the need to understand the dynamics of the complex
process of ISR, the process is modelled by dissecting the overall
system from the top level into single scales models. These single
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scale models are glued together in such a way that the overall
system represents the behaviour that can be matched with the
trends seen in the histology. Although the current status of the
model is rather simplistic and does not include all the processes
involved in neointimal hyperplasia, it can still sufficiently
reproduce results that match well with the available histological
and in-vivo experiments in a qualitative fashion.
Another important point in modelling ISR is the availability of the
data that can be fed into the models. The availability of such data
in case of humans is relatively sparse. Pigs overall physiology
exhibits close similarities with the humans where the most
common key organ systems being comparable in anatomy and
function [56,57] especially the coronary anatomic structure and
vessel sizes and, most importantly, in terms of the response to
arterial injury caused by the penetration of a stent into the vessel
wall [58]. Moreover, the rationale for choosing to simulating ISR
in a porcine artery is based on the fact that an extensive literature
from clinical and experimental studies performed on pigs is
available to us, whereas there is no similar time-series data
available for human implants. There is one main difference in
simulating ISR in pig arteries from the human situations - the pig
arteries are healthy whereas the ISR response studied in the
humans is always on diseased arteries. So these porcine models
are not able to reflect the influence of the arterial disease.
The main road map of the thesis is as follows:
Chapter 2 presents first results of our multi-scale model of ISR.
The development of the simulated restenosis as a function of
stent deployment depth is compared to an in vivo porcine data
set. Moreover, the influence of strut size and shape is investigated
and the effect of a drug released at the site of injury, by means of
a drug-eluting stent, is also examined. A strong correlation
between strut thickness and the rate of SMC proliferation has
been observed.
Chapter 3 shows further improvements to the previous model
from chapter 2. The effects of re-endothelialisation and NO
release on neointimal growth are investigated in-silico using a two
dimensional multi-scale model of ISR. The effect of stent
deployment depths on the development of ISR is studied as a
function of time after stenting. Shear stress distribution on
endothelial cells, obtained by blood flow simulations, was
translated into NO production that keeps the SMCs in a quiescent
state. The cellular growth trends were plotted as a function of
time to investigate the correlation between neointimal growth and
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Chapter 4 describes the effects of the origin of endothelium
regrowth on ISR development where both histology (in vivo) and
computational simulations (in silico) are used to evaluate
neointimal growth patterns within coronary arteries along the
axial direction of the stent. Comparison of the growth
configurations in vivo and in silico was undertaken to identify
candidate mechanisms for endothelial repair. Two reendothelialisation scenarios (endothelial cell (EC) random seeding
and EC growth from proximal and distal ends) were implemented
in silico to evaluate their influence on the morphology of the
simulated lesions.
Chapter 5 presents a stand alone vascular tissue model to
simulate the process of ISR using the Cellular Potts Model (CPM)
where the focus was on the initial migration of SMCs after
vascular injury. The mechanism tested using this model is to
evaluate the number of initial SMCs migrated from the medial
layer into the lumen where they start to proliferate. At the
moment, this model does not include the presence of blood flow
inside the domain. The relationship between the initial migrated
SMCs and injury score is highlighted. Moreover, a link between
the initial migrated SMCs with the speed of the initial neointima
development was identified.
Chapter 6 presents the first results obtained from our state of the
art three dimensional multi-scale model of ISR, by coupling a
blood flow and tissue model including the effect of reendothelialisation.

2
2. Dynamics of in-stent
restenosis: impact of stent
deployment and design
Coronary heart disease (CHD) is the most common cause of death
in Europe, being responsible for approximately 1.9 million deaths
per year [1]. Atherosclerosis, the most common form of CHD, is
associated with the build-up of atheromatous plaque within the
wall of the coronary arteries. Presence of such plaque may lead to
a significant decrease in luminal cross-sectional area (a stenosis)
and reduce the blood supply to the heart. The current intervention
of choice for many symptomatic patients is stent-assisted balloon
angioplasty. In this procedure, a tubular mesh-like structure
(stent) is deployed within the vessel at the site of the stenosis.
Once deployed, the stent behaves as a mechanical scaffold,
compressing the plaque and eliminating the possibility of vessel
collapse. Whilst this generally results in a successful outcome, instent restenosis (ISR), an excessive re-growth of tissue within the
stented segment of the artery associated with the injury caused
by the stent deployment, is still a negative aspect of the
procedure [9,10,11].

This chapter is based on the paper Hannan Tahir, Alfons G Hoekstra, Eric Lorenz,
Patricia V Lawford, David R Hose, et al. (2011) Multiscale simulations of the
dynamics of in-stent restenosis: impact of stent deployment and design. Interface
Focus 1: 365–373. [59]
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The process of restenosis involves a cascade of complex biological
and physical interactions that are activated in response to stentinduced arterial wall damage. Denudation of endothelial cells and
the rupture and /or stretch of the elastic laminae, media and
adventitia after stent deployment act as stimuli to initiate the
development of ISR [60]. The process can be categorised as a
sequence of events starting with an initial instantaneous
thrombosis formation in response to arterial injury and
progressing to an inflammatory stage, granulation tissue
development,
smooth
muscle
cell
(SMC)
proliferation,
extracellular matrix deposition and ultimately remodelling of the
neointima and vascular wall [27,61]. A detailed description of the
underlying biological processes has been presented by Evans et
al. [39].
It is widely accepted that the development of restenosis is
regulated by a number of key factors including; the severity of
injury, inter-strut spacing, strut thickness, stent length, stented
segment compliance [27,62,63]. All of these factors have
profound effects on flow hemodynamics and wall shear stress
(WSS) distribution across the stented segment [64,65]. A
decreased restenosis rate has been observed with the use of
drug eluting stents (DES), which are coated with antimitogenic or
anti-proliferative drugs to inhibit SMC proliferation and neointimal
growth [66]. Despite a growing trend for use of DES as the stent
of choice in comparison to bare metal stents (BMS), late stent
thrombosis (LST) and lack of re-endothelialisation are the major
drawbacks associated with the use of DES [62,66,67].
The degree of injury caused by the implantation of a stent has
been observed as an independent determinant to estimate the
amount of restenosis in an experimental study carried out in pigs
[68]. The extent of vascular injury is estimated from the
penetration depth of the struts into the tissue; a deeper
deployment depth implies a larger injury. In the current study, we
have used the Gunn Injury Score system which defines the
degree of injury according to the angle of the internal elastic
lamina (IEL) at the point of strut impact, the rupture of the IEL
or, in the extreme, rupture of external elastic lamina (EEL). Gunn
applied this to categorise injury arising from deployment of a
stent in the porcine implant model [69].
In previous work, we modelled ISR as a complex multiscale
system [39], and realised a coupled multiscale simulation of a
simplified version of this model in two dimensions using porcine
coronary arteries [40]. In the present work, the overall dynamical
response of the porcine coronary artery ISR model is studied in
detail, as well as the influence of different stent geometries on the
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simulated ISR. The rationale for choosing to simulating ISR in a
porcine artery is based on the fact that an extensive literature
from clinical and experimental studies performed on pigs is
available to us, whereas there is no similar time-series data
available for human implants. Moreover, the pig exhibits
similarities with the human case in terms of coronary anatomic
structure and vessel sizes and, most importantly, in terms of the
response to arterial injury caused by the penetration of a stent
into the vessel wall [58]. The primary difference between the pig
and human is the rate of ISR development. In pigs, the normal
time span of restenotic lesion development is about 60 days with
a peak SMC proliferation at around 20 days, whereas in the
human, ISR development extends to six months with the
proliferation rate peaking at around 2 months [58,70]. There is
some literature showing the influence of strut thickness on the
progression of angiographic and clinical ISR in humans, but such
data is relatively sparse [63,71,72,73]. The main conclusion from
clinical trials is the impact of strut thickness. This is an
independent predictor of ISR, with thin struts resulting in a lower
incidence of restenosis as well as lower late luminal loss when
compared to the results observed for thick strut [63,65,73].
In the current study, we report results produced by our two
dimensional multiscale ISR model. The effect of strut thickness on
the development of restenosis was investigated using two baremetal stents of different strut thickness. The deployment depth
was varied, and the number of neointimal cells as a function of
time was measured. The resulting growth curves were fitted to a
logistic function, and the simulated ISR characterised by just two
parameters. The percentage of proliferating vascular SMCs was
also measured as function of time. Where possible, our results
were compared against the available porcine model in vivo
dataset. The paper concludes with a discussion on the validity of
the current model, and suggestions for improvements. The
implications of this work for further understanding of ISR are also
discussed.

2.1 Computational Model
ISR is a multi-science multi-scale phenomenon linking a series of
processes which can be described in terms of biology, physics and
chemistry. Evans et al. [39] formulated an extended multiscale
model for ISR, based on the Complex Automata paradigm (CxA)
[40,41,Hoek43], where a multi-scale system is modelled as a
collection of single scale models coupled through the scales.
Caiazzo et al [47] simplified the original model for ISR to one
where single scale models for blood flow, vascular smooth muscle
cells and drug diffusion communicate with each other via smart
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conduits. These single scale models operate on different temporal
and spatial scales. A MUltiScale Coupling Library and Environment
(MUSCLE) was used to setup and launch the simulation as a CxA
[44]. Here we consider the two-dimensional (2D) version of this
model.
We will now briefly describe the model for ISR. For all details, we
refer to chapter 1 and Caiazzo et al [47]. During the stent
deployment process, stretch was induced in the vessel wall by
deploying a stent, modelled as a single 2D strut, to a specific
depth into the vessel wall. Next, the IEL was ruptured based on
the hoop strain and longitudinal strain threshold criteria. As a
result of IEL rupture, vascular SMCs were exposed to the blood
flow and, according to contact inhibition criteria in the SMC
biological model, only exposed cells are able to proliferate. Blood
flow was modelled as a homogeneous, incompressible, Newtonian
fluid using a Lattice Boltzmann Method. SMC hyperplasia in a nonaxisymmetric geometry was simulated via an agent-based model
where each SMC is modelled as an individual agent. A biological
solver controlled the progression of SMC proliferation, which was
regulated through a cell cycle based on a set of biological rules.
The biological rules were based on contact inhibition (presence of
neighbouring cells), WSS thresholds and, in case of a drug eluting
stent, drug concentration thresholds. A physical solver, based on
agent-agent interaction potentials, was used to simulate the
structural dynamics of the SMCs. The process of drug elution and
subsequent diffusion of the drug into the vessel wall was modelled
by solving an anisotropic diffusion equation using a finite
difference scheme. A detailed description of all single scale
models as well as their mutual couplings has been published by
Caiazzo et al [47].

Figure 2.1: SMC Domain. Left: Domain before deployment of thick stent
struts (D = 180 µm). Right: Domain after strut deployment to a depth of
90 µm into the tissue (SMCs coloured according to the structural stress).
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In the present study, we considered a vessel of segment length
1.5 mm and width 1.24 mm with a wall thickness of 120 µm as a
benchmark geometry (Figure 2.1). Wall thickness was obtained
from an existing archive of in vivo porcine data [69]. Models were
prepared by deploying two, square cross-section, bare metal
struts, into the vessel wall (Figure 2.1). We examined the
influence of strut thickness and cross-sectional profile on
neointimal proliferation. Where strut thickness is denoted as D, a
thin strut has a strut thickness of D = 90 µm whereas the thicker
strut has a thickness of D = 180 µm. Both struts were deployed
into the vessel at depths over the range of 70 µm to 130 µm. We
also considered a square drug eluting stent strut deployed to a
depth of 90 µm. Additionally, we changed the shape of the bare
metal strut to a rounded strut with a base length of 180 µm and
height of 90 µm.
WSS is known to be a key parameter in the process of reendothelialisation and neointimal formation, resulting in a higher
neointimal growth in the regions of low WSS [74,75]. Steady
state blood flow simulations, with a constant flow rate, were
carried out using a fluid of constant viscosity µ = 4 mPa.s, density
ρ = 1000 Kg/m3 and Re = 120. The rationale for maintaining a
constant flow rate is based on the normal physiological reaction of
the cardiovascular system to a moderate stenosis. This
assumption served to increase the WSS as the lumen narrowed
and fits well with the published theory that a blood vessel
remodels in response to changes in fluid forces until these forces
are normalised [76,77].

2.2 Results
A previous publication presented preliminary results of the 2D ISR
model [49] obtained at a very early stage of model development.
Further tuning of the model parameters such as WSS, drug
concentration and contact inhibition was carried out within the
COAST (www.complex-automata.org) consortium (data not
shown). This parameter tuning allowed us to investigate the
relationship between the injury index and the restenotic lesion
growth by exploring the predictive power of our model.
In the present study, we performed simulations for two strut sizes
(D = 90 µm and D = 180 µm) deployed at four different depths
(70 µm, 90 µm, 110 µm and 130 µm). Each simulation was
repeated five times to obtain the mean and standard deviation of
the neointimal growth measurement.
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Figure 2.2: Simulation results for the thin strut (D = 90µm) and the
thick strut (D = 180µm), both deployed to a depth of 90 µm, at 7, 14
and 28 days after stent deployment. The SMCs are shown as red circles
and the square struts as blue squares surrounded by red obstacle agents.
In the lumen, blood flow is visualized by streamlines, and the colours
represent the shear stress, ranging from 0 Pa (dark blue) to 60 Pa (dark
red).

Figure 2.2 shows a detailed visualisation of the simulated ISR
response as a function of time post-deployment, for small and
large struts, deployed to a depth of 90 µm. Whilst there is a
considerable SMC response in both cases, the thicker strut
(D = 180 µm) produced a larger amount of neointima when
compared with the thin strut (D = 90 µm). An asymmetric
proliferation between the upper and lower halves of the thin strut
geometry was observed (Figure 2.2). This asymmetry occurs
mainly due to the random selection of the biological state of each
cell after the stent deployment.
For each simulation, we measured the number of neointimal SMCs
(N) as a function of time (t) after stent deployment. Figure 2.3a
shows N(t) for a thick strut (D = 180 µm) deployed at a depth of
90 µm. The dynamics of the simulated ISR response bear a close
resemblance to a logistic growth curve, i.e. an initial exponential
growth phase, followed by a slowing down of the growth and final
settling to a maximum number of neointimal cells Nm. In all cases
studied, the number of neointimal cells as function of time
exhibited this type of dynamics (data not shown).
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Figure 2.3: (a) Non-linear logistic curve fitting of neointimal cell number
from a thick strut (D = 180 µm) deployed at a depth of 90 µm. Curve
fitting parameters Nmax (b) and growth rate ‘r’ (c) are plotted with
respect to different deployment depths for both strut sizes.

In logistic growth, a population is modelled as
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We performed non-linear fits of the logistic growth dynamics (Eq.
2.2) to the measured neointimal growth, resulting in fitted values
for the model parameters N0, Nm and r. The curve fitting was
carried out using the Levenberg-Marquardt algorithm (Marquardt
et al. 1963) to optimize parameter values in an iterative process.
We kept N0 = 10 based on our assumption that the SMCs, which
are exposed to blood after the removal of endothelial cells, act as
proliferative neointimal cells. In the current simulations, we
observed that for the majority of cases, the number of exposed
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SMCs was approximately 10 ± 2. We therefore chose N0 = 10 as
an average initial cell number to perform curve fitting. For the
case reported in Figure 2.3a, this fitting procedure resulted in Nm
= 1392 and r = 0.33. The best-fit curve has a very close
agreement to the measured data and is also shown in Figure
2.3a. The quality of the fitted curve was calculated by means of
an R-Squared (R2) test, this gave a value of R2 = 0.997. Similar
good fits were obtained for all other experiments (data not
shown). Using this procedure, we were able to better study and
compare the simulated ISR as a function of parameters such as
deployment depth, and strut size or shape. The results are
summarised in Figures 2.3b and 2.3c that show Nm and r as a
function of deployment depth for both strut sizes.
Figure 2.3b demonstrates that the final endpoint of restenosis is
approximately constant (± 10%) for both strut sizes. We obtained
a standard deviation by averaging the results from five runs per
parameter set (deployment depth, strut thickness). This was used
as an input to the fitting routine. The combined error (from
standard deviation and fitting error) is plotted as an error bar for
each simulation set. The major difference that can be observed
from Figure 2.3b is the effect of the thin strut, which results in a
higher number of neointimal cells in comparison to the thick strut.
The fitted growth rates including error bars from thin strut
simulations were plotted and compared with the growth rate
curve for neointimal formation in thick strut simulations (Figure
2.3c). The assessment of the simulation results demonstrates that
a thinner strut results in slightly higher Nmax (approximately 100150 SMCs) but lesser growth rate compared to thicker strut. This
difference in the Nmax is due to the fact that the thin strut occupies
less space and provides more room for SMCs to proliferate.
Moreover, the data also suggests that deployment depth
correlates with the growth rate; when the strut is deployed
further into the vessel wall, a larger neointimal growth rate is
observed. The only exception to this was for a thin strut deployed
to a depth of 130 µm.
Another useful metric for use in qualitative comparison, is the
normalised peak absolute growth fraction (NPAGF) as defined by
Schwartz [70]. NPAGF is the product of growth fraction (Cells in
Mitosis Phase / total cell number), divided by the maximum value
of growth fraction across the series. This value indicates the time
point at which the greatest numbers of cells are proliferating.
Figure 2.4a, shows the NPAGF curve for a thick strut, deployed to
a depth of 90 µm. It is clear from this curve that peak
proliferation occurs at around 22 days.

Chapter 2 | 23
The fluctuations seen in the NPAGF curve are due to the presence
of discrete events (mitosis of cells). To better estimate the time
where maximum proliferation is occurring, we fitted a Gaussian
function (Fig. 2.4a) to obtain peak proliferation time (Tpeak).
Figure 2.4b shows the resulting peak proliferation time as a
function of deployment depth. A downward trend of the peak
proliferation time was observed with an increase in the
deployment depth for both strut thicknesses, except the thin strut
that was deployed at 130 µm. Analysis of Figure 2.4b also
suggests that the thick strut is associated with a lower peak
proliferation time at all deployment depths.

Figure 2.4: (a) Normalised peak proliferation curve from the thick strut
(D = 180 µm) deployed at 90 µm. The fitted Gaussian curve highlights
the time at which maximum proliferation occurred. (b) Peak proliferation
time plotted against deployment depth for both strut sizes.

We also examined the effect of a drug eluted from the thick strut
(D =180 µm) deployed at a depth of 90 µm. The results were
obtained by applying the curve fitting techniques explained above
(see Table 2.1). A nominal drug concentration threshold of 0.4
was used. For more details about drug concentration, we refer to
Caiazzo et al [47]. Data from a DES simulation indicates a delay
in the overall neointimal growth process when compared to the
results obtained for a similar bare metal strut. Table 2.1 also
includes the results for a bare metal strut with rounded crosssection deployed to a depth of 90 µm. A reduction in the growth
rate, resulting in a late peak proliferation time was observed as
compared to bare metal square strut. The morphological images
from rounded strut simulation are also shown in Fig 2.5 in order
to allow the reader to understand the strut shape and its effect on
the neointimal growth.
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Figure 2.5: Simulation results of a rounded strut deployed at 90 µm,
showing neointimal growth after 7, 14 and 28 days after the stent
deployment.
Table 2.1: Results from different strut type (bare metal and Drug
eluting) and strut shape (square and rounded).

Strut Type
(D = 180µm)
Square Bare
Metal
Square Drug
Eluting
Rounded Bare
Metal

Nmax
(1.4 ± 0.11)
x 103
(1.3 ± 0.10)
x 103
(1.4 ± 0.13)
x 103

2.3 In Vivo Dataset

Growth Rate (r)

Tpeak
(Days)

0.29 ± 0.024

20 ± 0.03

0.22 ± 0.016

26 ± 0.36

0.23 ± 0.022

25 ± 0.33

We have access to a unique archive of histological sections from
stented porcine coronary arteries collated from a number of
experimental studies over the last decade [78,79,80,81,82,83].
The archive contains transverse sections from over 500 porcine
arteries in which stents of several different designs have been
deployed. For the present study, we selected transverse sections
derived from more than 50 arteries harvested at 6 hours, 14, 21
and 28 days after the deployment of a bare metal BiodivYsio™
stent. An average of 10 struts were present in each section. Each
of these struts was individually scored using the Gunn Injury
Score [69] according to the degree of injury they imposed on the
artery. These data were used to generate a database relating the
degree of injury caused by stent strut deployment, to the
neointimal thickness observed at the various time points after
stenting. Figure 2.6 summarises these results, showing averages
and standard deviations of the full set of available histological
measurements. The time points in Figure 2.6 were determined by
the availability of samples. The neointimal thickness measured at
6 hours does not specifically correspond to a SMC rich neointima,
but represents a measurement of thrombus which forms
immediately after stent deployment. Analysis of the in vivo
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dataset shows that an increase in injury score correlates with
increased neointimal thickness (Figure 2.6). The decrease at 28
days could be related to vessel remodelling, a process which is
not considered in our current computational model.

2.4 Discussion

We report a series of simulations investigating the relationship
between an injury index (in our case, deployment depth) and ISR
growth. Despite the limited amount of quantitative literature
available to model such complex phenomena, our results show a
good qualitative correlation with the available experimental,
clinical and in vivo data, as will be discussed below. We showed
results from simulations deploying two different strut sizes at four
deployment depths into the tissue (Figure 2.3) and interpreted
the simulation results with two parameters using logistic curve
fitting, summarising the neointimal growth curves in terms of a
growth rate r and a maximum of smooth muscle cells Nm.
Since there are no experimental or clinical investigations available
measuring detailed time-response curves as illustrated in Figure
2.3, and showing the impact of injury on the growth rate of
neointima in the initial few weeks, it is far from trivial to compare
our model results against in vivo data. The effect of strut
thickness on ISR has been assessed in human clinical trials
[71,72,73,84]. The observed angiographic and clinical restenosis
growth measured at 6 months follow-up suggest that a thicker
strut is associated with greater neointimal growth. However, this
effect was not observed in the output of simulations shown in
Figure 2.3b where the number of smooth muscle cells (Nm) is
almost constant, irrespective of strut size. In our model, SMCs
proliferation is inhibited when the WSS exceeds a preset
threshold. As the blood flux through the vessel is kept constant, a
decreasing lumen diameter due to ISR results in a gradual
increasing WSS, and the threshold value is reached at a more or
less constant diameter (see also Figure 2.2), independent of strut
size or deployment depth. As it is clear from both clinical data and
the porcine data reported in Figure 2.6, such constant endpoint is
not realistic and is a flaw of our current model. Despite this
obvious problem in the long term dynamics of our model, it does
provide more insight to the initial short time dynamics and
provides the capability for investigating different hypotheses.
According to our simulation results, a thicker strut results in a
faster neointimal growth (Figure 2.3c) in the initial few weeks,
which might explain the greater neointimal growth reported in
clinical trials at 6 months post-implantation.
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Figure 2.6: Neointimal thickness as function of time after stent
deployment. The mean and standard deviation of the neointimal
measurements are plotted at 6 hours, 14, 21 and 28 days post stent
deployment. The data shows a positive correlation between neointimal
thickness and the Gunn injury scores.

Schwartz et al [70] published NPAGF data calculated for several
studies carried out in rats, pigs and humans. There is an excellent
agreement when we compare the values of NPAGF from the
computational output (Fig. 2.4a) to those published by Schwartz
et al. As it is not possible to determine the strut deployment
depth or injury level achieved in the porcine model used by
Schwartz to generate the data, it is difficult to make a direct
comparison. However, the values of NPAGF calculated from our
simulation data are comparable to those produced by Schwartz,
showing a peak in proliferation at around 20 days (Figure 2.4a).
The lack of detail provided by Schwartz regarding the precise
experimental conditions under which the data were generated
highlights the need for better quantitative experimental data
regarding IEL rupture and the need for improved documentation
of experimental conditions. The most apparent qualitative
difference in comparison to Schwartz’ data is the asymmetry of
the curve where a long tail has been observed by Schwartz,
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showing that the proliferation process continues for a longer
period. This is not the case in our model where we commonly
observed a symmetrical curve. This difference could be in part
due to our stopping conditions where an increase in the WSS
threshold stops the whole process of neointimal thickening. The
simulation results also predict that the peak proliferation occurs
earlier in case of deep injury / stretch (Figure 2.4b).
Another important finding of the current study is the effect of
deep injury caused by the stent on the development of neointimal
growth. If we ignore the limitation of the final endpoint, then the
computational output follows the same qualitative patterns as the
in vivo data; the degree of SMC proliferation increases with the
degree of injury caused by stent deployment (Figures 2.3c and
2.6). There is one exception for a thin strut (D= 90µm) where a
reduction in the growth rate was observed at deployment depth of
130 µm. The in vivo data (Figure 2.6) indicates a decrease in the
neointimal thickness measured after 28 days. This may be related
to vessel remodelling; a feature which is not captured in the
present computational model. Moreover, a clear correlation of this
decrease with our simulation output is currently restricted due to
the endpoint limitation. We aim to reinvestigate this after
implementing a remodelling kernel in our CxA simulations.
Endothelial cell injury and dysfunction play a critical role in the
pathogenesis of several cardiovascular diseases including
atherosclerosis [85]. It is generally accepted that injury caused by
stent deployment results in the denudation or dysfunction of
endothelial cells [86] and re-endothelialisation has been observed
to play an important role in halting the progression of stent
induced neointimal growth [75]. In the current scenario, our
model is dependent on a premise that the initial injury / stretch
instigates the process of neointimal growth [60,69] and that the
growth process stops in the presence of high WSS. WSS has been
identified as a key player in the process of re-endothelialisation
and neointimal formation. Delayed re-endothelialisation and
greater neointimal growth seem to be associated with regions of
low WSS [74,75]. The effect of WSS on the ISR has also been
investigated by De Santis et al [87] where a WSS-based
algorithm was used to simulate vessel remodelling. Results show
that a high value of WSS was observed throughout the final
remodelled geometry. This investigation highlights the importance
of WSS with respect to ISR and describes WSS as a valuable
predictor of the final lumen geometry. This effect can also be
observed in our simulations where a high WSS threshold stops the
whole neointimal growth process. It should be noted however that
in the current study we have assumed steady flow conditions. A
next step will be to study SMC behaviour under pulsatile flow
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conditions, taking into account the oscillatory shear by defining an
appropriate oscillatory shear index (OSI) threshold.
Drug eluting stents have been shown to reduce restenosis [66].
This effect is quite prominent in our simulations (Table 2.1)
showing an inhibition of SMC proliferation, which results in a
delayed response of the whole process of neointimal growth.
Preliminary results from a round cross-section BMS strut also
showed a decrease in the growth rate, resulting in a delayed
neointimal growth. A reason suggested to explain this delayed
growth is that the rounded shape results in a more stable flow
within the artery lumen thus minimising or eliminating the effect
of flow recirculation [62].
In summary, our single scale models, especially the SMC model,
are still at an early stage of development and require further
improvement. In the near future we will also run simulations with
the 3-dimensional version of the model (thus taking into account
realistic shapes of the stent, and shape and curvature of the
vessel), coupling more single scale kernels (e.g thrombosis, cell
signalling, vessel remodelling etc.) to capture, more closely, the
behaviour of this complex phenomenon. Such 3D simulations will
require high-end distributed multiscale computing capabilities, as
currently
being
developed
within
the
MAPPER
project
(www.mapper-project.eu). However, despite the need for an
improved 3D model, we should not disregard the importance and
relevance of the current 2D model. We will continue to use the 2D
model for rapid testing of new hypotheses. Further refinement of
this will enable us to test different hypotheses and provide greater
insight into the time-dependent behaviour of ISR. Refinement of
the current 2D model will include implementation of pulsatile flow
as well as the integration of an improved tissue model containing
additional levels of complexity, such as addition of an
endothelium, extra-cellular matrix (ECM) and the external elastic
lamina (EEL). It may even be useful to investigate the effect of
vessel remodelling in the 2D model as the effect of this is not well
known.
Fitting the data to a logistic growth function helped us to
characterise the dynamic response in terms of growth rate.
Although we do not claim that ISR is a logistic growth process,
this characterisation in terms of r and Nmax may prove useful in
the preclinical testing of stent designs, and may eventually
provide a predictive tool for use in the clinical setting. We will
therefore continue to calculate the restenotic lesion growth rate r
as a function of strut thickness, deployment depth and strut
shape. Experimental studies providing a measure of ISR as a
function of time would allow further validation of our models, and
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more importantly, would enable us to test the hypothesis that the
complex ISR response can be characterised by just a small set of
parameters, as in logistic growth.

3
3. Effect of a functional
endothelium on the development
of in-stent restenosis
Coronary heart disease (CHD) remains a life-threatening
complication with a high mortality and morbidity rate [88]. The
main cause of CHD is the development of atherosclerotic plaque
that causes an occlusion or stenosis inside the arteries and leads
to a decrease in the blood flow. Patients suffering from CHD are
usually treated by balloon angioplasty and stent placement.
Endovascular stents are placed during the angioplasty procedure
to prevent the vessel from collapsing or closing up again. A regrowth of the tissue within the stented part of the artery is known
as in-stent restenosis (ISR). Developments in the field of
endovascular stents have substantially reduced the rates of ISR
from 30 % (with the use of bare metal stents) to 10% (with drug
eluting stents) [16]. But the chance of developing a restenosis
varies between patients, depending on age and health condition,
vessel size, and the complexity of the developed lesion. There
seems to be a correlation between the arterial injury due to stent
deployment and the degree of restenosis [69,89,90] but there is
no significant injury score information available for cases where
restenosis did not develop.

This chapter is based on the paper Hannan Tahir, Carles Bona-Casas, Alfons G
Hoekstra (2013) Modelling the effect of a functional endothelium on the
development of in-stent restenosis. PLoS One, vol 8: e66138. [91].
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Such experiments are required to analyse whether the injury is
the only key factor initiating this response or if there may be
some other unknown factors. In this study, we aim to use the
results obtained from an in-silico multi-scale model of ISR to
identify processes that inhibit the development of restenosis,
specifically focusing on the role of re-endothelialisation.
The innermost layer of a vessel, the endothelium, consists of a
mono-layer of endothelial cells (ECs). ECs play an important role
in regulating the vascular tone and permeability by managing the
exchange of molecules in response to physical and chemical
signals [28,92]. ECs sense fluid stresses and regulate their effects
by releasing vasodilators and vasoconstrictors to the underlying
SMCs..After injury caused by balloon angioplasty or stent
deployment
in
percutaneous
coronary
intervention,
the
endothelium is partially or completely denuded [28,29], triggering
platelet activation and aggregation, smooth muscle cells (SMCs)
migration and proliferation, extra cellular matrix (ECM) formation
and, finally, ISR [16]. The presence of stent inside the artery
influences the flow dynamics and induces flow re-circulation and
stagnation zones around the stent struts [93,94,95].
In physiological conditions, endothelial cells are exposed to flow
shear stress whereas SMCs in the medial layer are usually
subjected to the cyclic strain caused by the pulsatile nature of
blood flow [96]. Medial SMCs are also exposed to very low levels
of interstitial flow driven by the transmural pressure [97]. Right
after the endothelium damage following stent deployment, the
superficial layer of SMCs is exposed directly to the flow shear
stress. However, the direct link of the flow shear stress and
elevated levels of interstitial flow on the phenotypic changes in
the SMC still remains controversial [98,99]. In normal conditions,
SMCs express contractile phenotype and remain quiescent. The
natural wound healing process in response to injury involves the
production of several growth factors, e.g. platelet-derived growth
factor, vascular endothelial growth factor, insulin like growth
factor, fibroblast growth factor etc. [100]. Medial SMCs dedifferentiate into proliferative synthetic phenotype after getting
exposed to these growth factors and inflammatory mediators
[31]. The phenotypic changes in SMC in response to cyclic strain
have also been extensively studied over the past few years, but
its effect on the SMC growth varies between the species, their
location in the vascular bed and the presence of ECM [101]. In
the present study, we do not take into account the effects of
cyclic strain and direct exposure of shear stress on SMCs.
It has previously been reported that the presence of an intact
endothelium is sufficient to promote the inhibition of the
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underlying medial SMCs proliferation [102]. However, it has also
been observed that re-endothelialisation appears rapidly after
stent deployment [103] but most of the time, the newly
regenerated endothelial layer is dysfunctional [102]. The phase of
an abnormal regulation of these mechanisms due to the failure of
ECs to perform their typical functions is known as endothelial
dysfunction [104].
A functional endothelium senses shear stress and translates that
as a stimulus to produce nitric oxide (NO). NO, being a highly
diffusible molecule and a predominant mediator to control the
vascular function, is generated by one of the isoforms of the nitric
oxide synthase enzyme (NOS) [105]. Endothelial NOS (eNOS) is
produced by the endothelial cells. The amount of eNOS released
by ECs depends on the availability of intracellular calcium (Ca2+)
that is regulated in response to shear stresses and blood borne
agonists activated pathways, such as thrombin, adenosine
nucleotides, acetylcholine, bradykinin etc. [92,106,107]. Recent
evidence [108] also suggests that fluid shear stress modulates
the NO production through platelet endothelial cell adhesion
molecule (PECAM-1) which directly regulates the basal eNOS
activity. And, in agreement with [14], recent experiments have
measured PECAM-1 expression and have shown that a
regenerated endothelium does not necessarily translate into a
functional endothelium [109].
In the current paper, we report the importance of reendothelialisation and its possible effects on the development of
neointimal lesion. The outcome of stent deployment, using a bare
metal stent, by varying the deployment depth is studied.
Moreover, the importance of the presence of a functional
endothelium is highlighted by showing results produced by our
two-dimensional multi-scale model of ISR [39,47]. Results are
also compared with in-vivo data reported in chapter 2 [59]. The
study finally discusses the importance of promoting early
appearance of functional endothelium by showing that in that
case the model results in no restenosis at all regardless of the
degree of deployment depth. The paper also discusses limitations
involved in the present work and highlights possible future
improvements in the tissue model by adding more biological
processes.

3.1 Materials and Methods
An in-silico two dimensional multi-scale model of in-stent
restenosis based on porcine coronary artery data has been
developed, involving blood flow and SMCs proliferation [39,47].
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The blood flow and SMC models are coupled together using the
MUltiScale Coupling Library and Environment (MUSCLE) [44,110]

3.1.1 Artery generation and stent deployment
A small two-dimensional longitudinal section of a healthy porcine
coronary artery, considering a segment length of 1.5 mm and
width of 1.24 mm, is used as benchmark geometry. Five layers of
densely packed SMCs are generated, with an average radius of 15
μm, to achieve a vessel thickness (the medial layer) of 120 μm.
The lumen width is set to 1 mm. A thin layer of internal elastic
lamina (IEL) agents is created inside the lumen on top of the
SMCs in order to maintain a barrier between the blood flow and
the SMCs. During balloon angioplasty, the pressure exerted by
the balloon on the arterial wall damages the endothelial layer and
subsequent stenting results in further damage to the wall, e.g.
breaking of the IEL. We assume that due to the balloon
angioplasty, the endothelium is completely denuded. Moreover,
stent deployment ruptures the IEL layer from the sites where
struts are deployed. This rupture of IEL is used as a surrogate of
injury caused by the strut to the vessel wall. The deeper a strut
penetrates into the tissue; more the IEL is ruptured. The ruptures
in the IEL allow the SMCs from the medial superficial layer to
come into contact with the flow shear stresses. The SMCs that are
directly exposed to flow have the tendency to change their
phenotype from a quiescent contractile state to a proliferative
synthetic state. Stent deployment is simulated by pushing two
square bare metal stent (BMS) struts into the vessel wall. The
deployment process is modelled by computing forces on each cell,
including a hoop stiffness calculated as a function of radial
displacement from the initial cell position. The removal of IEL
elements during the deployment is modelled based on the
longitudinal and hoop stresses [47].

3.1.2 Blood flow model
After stent deployment, the model proceeds by repeatedly
computing blood flow in the lumen, obtaining wall shear stresses
(WSS) that are used in the model for SMC proliferation. Migration
and proliferation of SMC changes the lumen geometry, which is
then sent to the blood flow model that uses a standard BGK
Lattice Boltzmann method (LBM) to simulate steady state flow
within the domain, assuming blood as a Newtonian and
incompressible fluid with a constant viscosity, µ = 4 mPa.s,
density ρ = 1000 Kg/m3 and Re = 120 [51,53,111]. In order to
run the LBM flow solver, the initial domain after stent deployment
that contains information about cell center positions and their
radii, is converted into a computational mesh. Periodic boundary
conditions are imposed at the inlet and outlet whereas a Dirichlet
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boundary condition for the velocity in combination with a bounceback rule is enforced on the walls. The flow simulation calculates
shear stress values on the vessel boundaries and then this
parameter is mapped back from a lattice grid onto the individual
cells in the SMC model. As the SMCs proliferate and the vessel
wall is occluded, resistance in the vessel will increase mostly due
to the decrease of the lumen cross sectional area (for a more
detailed study on vessel resistance due to stenosis the reader is
referred to [112,113]). However, despite mild or moderate
stenosis, coronary blood flow is maintained by compensatory
vasodilatory regulation of the microcirculation (autoregulation). In
fact, resting coronary blood flow remains constant until epicardial
luminal narrowing exceeds 85 to 90% diameter. Unlike resting
flow, maximal hyperemic coronary blood flow is attenuated when
diameter stenosis approaches 45 to 60% [114]. We will assume
that blood flow remains constant for the whole restenotic process.
This will imply that a decrease in the vessel diameter will translate
into a quadratic increase in the blood velocity and will therefore
increase the WSS values.

3.1.3 SMC model
The shear stress values on each cell are required as an input for
the SMC model [47]. The SMC model is an agent-based model
(ABM) where the vascular tissue is modelled as a collection of
SMCs. Each SMC is individually modelled as an agent. The model
contains two solvers: (i) a physical solver that computes new
equilibrium positions of cells based on mechanical cell-cell
attraction, cell-cell repulsion and frictional forces. (ii) a biological
solver that controls the proliferation of SMC in response to a set
of biological rules. The biological state of each SMC is assessed at
every iteration. The progression of each agent is regulated by a
cell cycle that has three stages. G0 a quiescent state where SMCs
do not proliferate and show a contractile phenotype; G1 a growth
phase where a cell gradually increases its size and S/G2/M is the
final stage where a cell further divides into two daughter cells.
During the execution of the biological solver, SMCs may remain in
the quiescence state or may change into a proliferative stage
based on the rules defined within ABM. And vice-versa,
proliferative SMCs may change their phenotype and return to the
quiescent contractile stage. Further details about the model itself
are presented elsewhere [39,47].
As an extension to the above described ISR model, we added the
process of re-endothelialisation to investigate its possible role in
inhibiting the development of neointimal hyperplasia.
In the current model, ECs are not explicitly modelled. Since
endothelium is made up of a thin monolayer of endothelial cells
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and the height of ECs is small in comparison to SMCs, we assume
that blood flow is not affected by this thin cell layer. Therefore,
shear stress acting on the inner most layers of SMCs is considered
to be the same as for the endothelial cells layer. Nakazawa et al.
[109] measured PECAM-1 expression released by mature
(functional) endothelial cells after stenting. Their data only
consists of two data points at 3 days (59% PECAM-1) and 14 days
(94% PECAM-1) post stenting. We have made a rough
extrapolation to be able to use that data at each time step, which
in our case is one hour for SMC model.
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Figure 3.1: Presence of PECAM-1 expression and relationship between
shear stress and Nitrite concentration. (A) Presence of PECAM-1
expression as a function of time after stenting. Black solid line is
interpolated from the two data points (marked with + symbol) by
Nakazawa et al. 2010 [109]. (B) Relationship between wall shear stress
and Nitrite concentration. Black dashed line is interpolated from Guo et
al. 2009 whereas the black solid line represents the actual data shown by
Guo et al.2009 [115].

We used the percentage of PECAM-1 expression shown in Figure
3.1A. as an estimation of the presence of a functional
endothelium. It is clear from Figure 3.1A that approximately 59%
of functional endothelium was present on the 3rd day after
stenting, furthermore this expression turned into 100% after 15
days. So a probability function based on PECAM-1 expression
(Figure 3.1A), representing the existence of a healthy
endothelium, is used. We cover the domain with the appropriate
percentage of functional endothelium and we incrementally add
more ECs at each time step according to probabilities derived
from Figure 3.1A. Next the shear stress sensed by those
endothelial cells regulates the production of Nitrite, a stable
metabolite of NO and a marker of local NO production [116],
using experimental results shown by Guo et al. [115] in Figure
3.1B. Guo et al. [115] only presented the shear stress to nitrite
conversion data between shear stress values ranging from 9
dyne/cm2 to 16 dyne/cm2. So, we extrapolated it to 0 dyne/cm2,
assuming that no shear stress produces no nitrite. WSS was
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directly applied to SMCs in our previous model described in
chapter 2 [59] because there was no endothelium present at that
time, whereas in the current model, SMCs are only allowed to
respond to NO concentration that is being produced by the
functional ECs in response to WSS. The NO produced then serves
to inhibit the growth and proliferation of the underlying SMCs by
causing a cell cycle arrest in the G1 stage and prevent cells to
enter into S-phase [102,117,118]. Our model of regulation of
SMCs in response to shear induced NO production is shown in
Figure 3.2, where the progression of every SMC within the cell
cycle is controlled by contact inhibition and an NO concentration
rule. NO concentration rule is a threshold-based rule applied to
each SMC, where, if the NO sensed by that specific SMC (obtained
from the functional endothelium) is higher than a predefined
threshold, then it causes a full cell cycle arrest in the SMC. We
don’t consider a baseline nitrite or NO concentration in the current
model because it will not have an effect on the SMC growth
inhibition. In the current model, SMCs can only remain in a
quiescent state if the NO concentration on a cell exceeds a
predefined threshold. The NO threshold of 1 µM (0.001
nmol/mm3), taken from Coneski et al. 2012 [119], is used.
A typical cell cycle length of aortic porcine SMCs is 32 hours [48].
In our model, once a cell enters into G1 stage, it can only grow
and remain in G1 if the NO concentration is lower than the
predefined threshold. The cell can only enter into S/G2/M phase if
it was allowed to grow in the G1 phase for 16 hours. Once
entered into the S/G2/M phase, no more rules are applied on the
cell, which proceeds further to divide into two daughter cells after
staying for another 16 hours in the S/G2/M phase.
In order to evaluate the dynamics of ISR in the presence of a
functional endothelium, taking into account the injury scores
caused by different penetrations of struts into the tissue, we must
know when the endothelium recovers from the arterial injury
caused by the stent and when does it become functional. The data
interpolated from Nakazawa et al. [109] provide us a good
approximation of the time course of a functional endothelium
regeneration or recovery (figure 3.1A). The endothelium recovery
time course shown by Nakazawa et al. [109] is an important
finding, but on the other hand, this exact recovery rate or time
frame might only be true for a certain number of animals and
cannot be extended to the whole population belonging to that
group. Therefore different scenarios of endothelium recovery
rates are investigated in this study. Three cases are modelled in
order to investigate the effect of functional endothelium recovery
rate on the restenotic lesion development. These cases are
explained in Table 3.1.
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Table 3.1: Three cases, based on different endothelium recovery rates,
are used to investigate the presence of functional endothelium towards
the development of ISR.

Cases
Case-1

Case-2

Case-3

Description
59% endothelium present after day 3rd post
stenting and endothelium recovery is 100% after 15
days post stenting. Data is interpolated from
Nakzawa et al. [109]. The endothelium recovery
rate is 3.42% per day after day 3rd.
The initial endothelium recovery is the same as
case-1 (59% endothelium present after day 3rd post
stenting) but the complete recovery of the
functional endothelium is delayed by one week (23rd
day post stenting), resulting in a slower recovery
rate after day 3rd. The endothelium recovery rate in
this case is 2.05% a day after day 3rd.
0% endothelium present immediately after the
stent deployment and a linear endothelium recovery
is assumed, turning into 100% after 23 days post
stenting. In this case, we assume a severe injury of
the endothelium compared to case-1 (no fast
recovery of endothelium present before day 3rd),
but a rather high overall recovery rate, 4.35% a
day.

The effect of strut deployment depths on the neointimal growth is
also evaluated for each case by deploying struts at three different
depths (90μm, 110μm and 130μm). Each simulation was run 10
times to obtain an average neointimal area. Neointimal area is
calculated as a sum of all the surface areas occupied by the
neointimal cells. We calculate the area occupied by the initial cells
at the start of the simulation (after stent deployment) and then
we subtract this initial area from the total cell area measured at a
certain time point to obtain neointimal cell area. It is also
important to note that a complete removal of endothelium and a
partial rupture of IEL (based on the deployment depth) are
assumed immediately after the stent deployment. The percentage
of endothelium used in each case represents the presence of
functional endothelial cells only. We do not take into account the
presence of dysfunctional endothelial cells in the current model.
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Figure 3.2: SMC regulation flow chart.

In all cases, NO is not modelled explicitly and once generated in
response to shear stress is assumed to quickly diffuse into SMCs.
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However, in reality, NO has a very short life time (seconds) and
once generated by endothelial cells, it produces cyclic guanosine
monophosphate (cGMP), by diffusing into the vascular SMCs
[120]. In our model, we take an assumption that the overall NO
produced by ECs is directly diffused into the underlying SMCs.
This might be an over simplification of this complex chain of
processes but the main idea of the current study is to explore the
effects of re-endothelialisation and regulation of SMCs by means
of NO to produce similar neointimal growth trends as observed in
the in-vivo data.

3.2 Results
A qualitative comparison of the simulated ISR between three
cases is shown in Figure 3.3 where neointimal cell growth is
visualized 50 days post stenting. Figure 3.3A represents the case1 where ECs with a certain probability (approximately 59%) were
present from the 3rd day after stenting and this probability was
100 % after 15 days, showing very little neointimal cell growth
(almost no restenosis). Asymmetry between the left half and the
right half seems to be present in figure 3.3A and that is mainly
due to WSS. Low WSS is usually observed distal to the stent
struts as compared to the proximal side of the struts. Since
endothelium appears much faster in case-1, the asymmetry is
more prominent. A slightly higher amount of neointimal growth,
shown in Figure 3.3B, is observed assuming a marginally delayed
healing of the endothelium (case-2).
Figure 3.3C illustrates a dramatic increase in the neointimal cell
growth with the assumption of a very slow and delayed
endothelium recovery where 0% endothelium at day 0 and 100%
mature endothelial cells present within the domain after 23 days
(case-3). Asymmetrical proliferation proximal and distal to stent
struts is not prominent in case-2 and case-3. Figure 3.3D shows
results from our previous model (chapter 2) without considering
the effect of re-endothelialisation. There is a remarkable
qualitative difference in terms of cell growth in all cases (figure
3.3).
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Figure 3.3: Neointimal growth after 50 days post stenting, showing SMC
growth and flow streamlines. Struts were deployed at a depth of 110 μ
m. (A) Case-1 where NO along with EC probability effective from day 3rd
after stenting and 100% after 15 days, (B) case-2 where NO effective
from day 3rd and 100% after 23 days, (C) case-3 where 0% endothelium
was present at day 0 and 100% after 23 days and (D) results from our
previous model (chapter 2) in order to compare the effect of reendothelialisation on SMC growth.

In order to understand the effect of deployment depth in all three
cases, we plotted neointimal area as a function of time for all
deployment depths (Figure 3.4). Some studies define ISR as a
percentage of lumen occlusion from its initial diameter after stent
deployment, where if the lumen is occluded more than 50%, it is
referred as ISR [121,122]. So in Figure 3.4, we used this
definition as a reference point to characterise all three cases that
either they produce ISR or not. It is quite clear from figure 3.4D
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that our previous model had a limitation of reaching to more or
less same level of neointimal growth regardless of the degree of
deployment depth. This limitation was highlighted in the previous
chapter where the maximum number of neointimal cell number
was almost constant at all deployment depths.
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Figure 3.4: Comparison of results showing neointimal area as a function
of time in all cases. (A) case-1 , (B) case-2, (C) case-3 and (D) previous
model outcome. An average result over 10 simulations is plotted for
every deployment depth in each case while error bars represent the
standard deviation. Black dotted line in all cases represents the 50%
lumen occlusion point according to our domain dimensions.

Figure 3.4A shows the results obtained with the assumption of
case-1 where 100% ECs were present after 15 days. The growth
trends from case-1 clearly indicate different endpoints and results
in different neointimal area growths. Moreover, it is also evident
from figure 3.4A that case-1 does not produce ISR as the area
covered by the neointimal growth is far below the 50% lumen
occlusion reference line. Figure 3.4C illustrates the results
produced with the assumption of case-3 and shows a severe
regrowth of the neointimal tissue at all deployment depths. A
slightly moderate lesion development is observed in case-2 (figure
3.4B) where the 100% recovery was slightly delayed as compared
to case-1. It is also apparent from all the three cases shown in
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figure 3.4 (A, B and C) that deeper penetration of struts result in
a higher neointimal growth and vice versa.
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Figure 3.5: Intima/Media (I/M) ratio for all three cases and compared
with previous model results. The black dashed line represents the
reference line of 50% lumen occlusion. All the data are presented as
mean +SD. * represents p<0.05 between the deployment depths for
each case.

To further evaluate the effect of strut deployment depth on the
restenotic tissue growth, the intima / media
(I/M) ratio is
calculated on the basis of area occupied by both layers of tissue.
Figure 3.5 presents the mean I/M ratio calculated 50 days post
stenting and it is clear that I/M ratio is directly proportional to
strut deployment depth for all three cases. However, our previous
model does not support this notion. It is evident from figure 3.5
that increase in the I/M ratio strongly depends on the injury
caused by the stent struts and difference in the I/M ratio between
three deployment depths is significant (p < 0.05) for case-1 and
case-3. However, this significant difference in case-2 is only
noticeable between the growths produced with the deployment
depths of 0.09mm and 0.13mm (figure 3.5).

3.3 Discussion
Our results suggest an inhibition of SMC proliferation as soon as a
functional endothelium is present (case-1, 2 & 3), as compared to
our previous results where SMC growth was inhibited only by a
high WSS as a result of the narrowing of the vessel (Figure 3.3,
Figure 3.4, Figure 3.5). Figure 3.4 and 3.5 also demonstrate a
significant difference in the neointimal area and I/M ratio between
all the cases, showing very little neointimal growth (almost no
restenosis) with the assumption of having a 100% probability of a
functional endothelium after day 15 post stenting (case-1),
whereas the other two cases (case-2 & case-3) dictate the
presence of a healthy endothelium after 23 days and produce
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restenosis based on the presence of an early functional
endothelium and the endothelium recovery rate. These results
hint on the importance of a fully functional endothelium by
showing different neointimal cell growths. In all three cases, the
lesion growth rate, dictated by the steepness of the curve (figure
3.4) is directly proportional to the injury caused by the stent.
Moreover, the deeper a strut penetrates into the tissue, the
higher the neointimal area after 50 days and this is true for all
three cases shown in figure 3.4. The growth trends and restenotic
lesion development, produced by the 2D ISR model, agree
qualitatively with the in-vivo data shown in figure 3.6, where an
increase in the deployment depth results in a faster neointimal
growth, which has already been shown in our previous findings
reported in chapter 2 [59].

Injury Score 0
Injury Score 1
Injury Score 2
Injury Score 3
Injury Score 4

Neointimal Thickness (mm)

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

6 hrs

14 Days

21 Days

28 Days

Time (Days)
Figure 3.6: In-vivo data of stented porcine arteries, showing neointimal
thickness as a function of injury score. The data from transversal sections
show that neointimal thickness is directly proportional to the arterial
injury at all time points after stenting. Data is measured at 6 hours, 14
days, 21 days and 28 days post stenting. Error bars are slightly shifted
for the sake of visualisation. This graph is reused from our previous
publication (figure 6 on page 371 from Tahir et al, 2011 [59]) to allow
the reader to compare our computational results with the trends seen in
the in-vivo data sets.
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The actual model provides significant improvements compared to
our previous results presented in chapter 2 [59]. The previous
model reproduced in a qualitative way the initial dynamics of the
response, a positive correlation between the speed of the early
time ISR response with deployment depth of the stent. However,
the final neointimal thickness or neointimal cell number was
almost constant for all the deployment depths, in clear
disagreement with the in-vivo data (Figure 3.6). The reason why
we could not capture it was because of the use of an oversimplified WSS rule. Once the shear stresses on cells exceeded a
predefined threshold, the process of neointimal growth stopped.
WSS is highly determined by the lumen size, as a decrease in the
lumen size results in an increase in the flow velocity (in order to
keep the flux constant), which results in increased friction of the
peripheral blood layers on the arterial wall and therefore a higher
WSS. Then, by using that rule, SMCs would proliferate until the
lumen would be narrowed enough, regardless of the initial
deployment depth of the stent and in contradiction with
observations. The thickness of the strut also influences the
damage caused by the stent to the vessel wall, resulting in a
higher injury with the use of a thicker strut and vice versa. This
effect has already been captured in the previous chapter [59] and
resembles well with other human clinical studies [73,84]. In the
current study, we captured the influence of a functional
endothelium that results in different end points (Figure 3.3 and
3.4), therefore results completely agree with the in-vivo data in a
qualitative manner (Figure 3.6).
We have hypothesized that a healthy and functional endothelial
layer is necessary for the control of the neointimal formation.
Once endothelium is functionally present, it can aid to stop the
SMC hyperplasia by keeping them in a quiescence state via NO
release. Our results do not try to claim that endothelium presence
is the only factor required to inhibit restenosis, there is a need to
promote a fully functional endothelium that is considered to
inhibit the growth of the underlying cells. So despite of the urgent
need to recover the endothelial layer, it is much more important
to identify the mechanisms that make this monolayer of EC fully
functional in order to promote proper cellular signalling generated
in response to physical and chemical stimuli.
Endothelial denudation after balloon angioplasty and stent
deployment triggers inflammatory processes within the vessel.
The natural healing response of the artery, leading to the
development of ISR, continues until the re-endothelialisation
occurs [123]. Endothelial cells regenerate within a couple of days
after the stent deployment. De Prado et al. [103] reported that
complete re-endothelialisation was complete within 7 days after
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the deployment of bare metal stents in the healthy swine
coronary arteries. On the other hand, Finn et al. [124] observed
similar endothelial cell re-growth after 14 days in the swine
arteries using cobalt-chromium stents. Some other studies report
that endothelial progenitor cells capturing stents showed better
results by promoting faster endothelium recovery but this
accelerated endothelialisation did not seem to reduce the amount
of neointimal thickness at 28 and 90 days as compared to the
group of control stents deployed in porcine coronary arteries [14].
These studies were of great importance in order to estimate the
time course of re-endothelialisation in the swine models but none
of those evaluated the functionality of newly regenerated
endothelium. Some recent studies suggest that the regenerated
endothelial cells after the vascular injury exhibit a selective loss of
functionality [102,125]. The dysfunctional endothelial layer
results in a reduced production of NO that is not sufficient to stop
the development of ISR. Given the need to analyse the
functionality of endothelium in the coronary arteries, it is rather
difficult to assess its function due to the invasive nature of the
coronary vasculature. The measurement of its function is usually
done with an infusion of Acetycholine in the intracoronary
circulation to determine the endothelial dependent functionality
[126]. Coronary arteries respond to the infused intra-coronary
Acetycholine by causing microvascular dilation and an increase in
the flow in the presence of a functional endothelium whereas a
vasoconstriction occurs in the absence of a functional
endothelium, resulting in a decrease in the coronary flow
[106,127]. This protocol gives a valuable estimate of endothelium
functionality but it does not provide enough quantitative
information. Another useful predictor to assess the presence of an
intact endothelium is the PECAM-1 expression and a decrease in
this expression is associated with an impaired endothelial
recovery and functionality [109]. In-vitro and in-vivo experiments
have shown that activation of eNOS is regulated by PECAM-1
expression [108]. Nakazawa et al. [109] measured the PECAM-1
expression as a function of time after stenting in the normal pig
coronary arteries using confocal microscopy. Interpolation of the
data measured by Nakazawa et al. gave us an estimation of the
presence of a functional endothelium present within the vessel
after stenting.
The main objective of this study is to obtain different amounts of
neointima based on the different injury scores, which was the
main flaw of our previous model, but it also points towards an
answer to the basic question, which is why 70% of patients do not
develop restenosis and why the remaining 30% tend to suffer
from ISR [16]. This model allows us to estimate the overall
growth of SMC by tuning just one parameter, which is availability
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of a fully functional endothelium. In the previous chapter (chapter
2), we modelled the effect of a drug release from a DES using
finite difference scheme and results showed a delay in the
neointimal growth response by inhibiting the SMC proliferation
[59]. However, current study is only limited to the use of BMS inorder to isolate the effect of endothelium restoration and its
possible role in controlling the ISR development. Moreover,
antiproliferative drugs used in the DES have been shown to delay
the re-endothelialisation by inhibiting the ECs proliferation
[30,128]. Modelling the growth of neointimal lesion along with a
delayed re-endothelialisation in the presence of DES will be our
future area of research. We also aim to include ECM in the current
model to represent a more realistic arterial tissue and to simulate
the effect of ECM degradation on the neointimal development.
One of the limitations of the present model is the pathway
through which NO is produced. Currently, NO is only produced in
response to the WSS. However, NO in the arterial wall can also be
formed under the presence of other isoforms of the enzyme NOS
such as neuronal NOS (nNOS) or inducible NOS (iNOS) [129].
Future work should involve the presence of these other sources of
NO and their contribution towards the inhibition of neointimal
tissue growth. Another limitation of the study is that the model is
currently restricted to porcine data. Regardless of the fact that
porcine arteries response to injury shows similarities with the
human arteries [58], we should not ignore the translational
aspects from a healthy porcine vessel to what is happening in the
diseased human arteries. The growth response might be different
in the presence of an atherosclerotic plaque [130]. This future
work will involve coupling of an atherosclerosis model with the
current flow and growth models.

3.4 Practical Applications

The development of the ISR model was motivated by the desire to
develop a state of the art multi-scale model that can reproduce
growth trends as observed in the histology and also to aid our
understanding towards the dynamics of this complex process.
Real clinical applications of such models are still far from trivial as
the current development is relatively at a simple scale. However,
the growth trends produced in the presence of a functional
endothelium are still sufficiently compelling and demand for
further animal studies specifically looking at the functionality of
the regenerated endothelium. A three dimensional ISR model,
involving re-endothelialisation, SMC growth, thrombosis and drug
elution from the stent, is also in its final stage of development and
that will have the capability to reproduce the growth dynamics of
ISR in a more realistic three dimensional space. Once these
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models are qualitatively and quantitatively validated against
porcine in-vivo data, then they can also be applied to patientspecific geometries where they could predict the growth response
based on different stent designs and may contribute as a
predictive tool in the clinical settings and help in designing better
endovascular stents.

3.5 Conclusions

A hypothesis based on our results dictates that a presence of a
functional endothelium may be the only regulator that controls
the growth of the underlying tissue. But the existence of this
functional layer seems to be completely patient or animal specific
where blood borne agonists, genetical properties of individuals,
ageing and many more so far unknown factors may play an
important role [16,106,131]. More clinical or experimental
investigations are required to obtain animal or patient specific
time frames, showing the presence of a healthy endothelium. This
will allow us to further validate our current findings. Acquiring
such information, however, is far from trivial based on the
available knowledge or techniques. To conclude, an ISR response,
showing a qualitative agreement with the porcine data (figure
3.6) [59], has been observed assuming the presence of a
functional endothelium. According to our model results, a late
endothelial recovery seems to lead towards a restenosis,
especially if there is not a fast partial recovery early after
stenting. Moreover, if a functional endothelium appears early
enough, no ISR is observed, but just some neointima covering the
struts as observed in the histological data (unpublished data).

4
4. Effect of the origin of
endothelium regeneration on Instent Restenosis
In-stent restenosis (ISR) is the re-narrowing of the stented artery
after percutaneous coronary intervention (PCI) [132,133]. In
comparison to bare metal stents (BMS), drug eluting stents (DES)
have dramatically reduced the rates of ISR [134]. In the era of
DES, ISR is no longer regarded as a significant problem [133],
however, a low rate of ISR occurrence still exists [134]. Despite
of the reduction in ISR, DES have also been associated with a late
stent thrombosis (LST), very late stent thrombosis (VLST) and reinfarction [17,18]. Additionally, delayed re-endothelialisation and
vessel wall toxicity in the form of medial necrosis have been
reported [17,19,20,21,22].
ISR, being an exaggerated response of the arterial tissue
following balloon angioplasty and stent deployment, occurs in
response to the mechanical changes (the injury) in the vascular
wall. Balloon inflation is considered to damage or crush the
endothelium whereas the sharpness of the stent struts is
responsible for further damage to the internal elastic lamina and
the medial tissue [29].
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Endothelial repair process and its relevance to longitudinal neointimal tissue
patterns: Comparing histology with in-silico modelling. (Submitted to
Cardiovascular Research, 2013)
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The early phase of the injury involves denudation of endothelial
cells (ECs) and the extent of endothelial damage can vary from a
partial destruction to complete denudation. This damage activates
a cascade of cellular processes that involves platelet activation
and aggregation, leukocyte-platelet interactions and other
inflammatory processes. Subsequent smooth muscle cell (SMCs)
migration and proliferation is followed by the formation and
synthesis of extracellular matrix, giving rise to neointimal
hyperplasia (NIH) [16]. Neointimal tissue is the result of SMCs
migration and proliferation at the site of injury [135,136].
A healthy endothelium is crucial to maintain normal vascular tone.
In physiological conditions, endothelium controls the exchange of
macromolecules and oxygen between the blood and the
underlying tissue [104]. In addition, it serves to regulate arterial
reactivity through the synthesis and release of vasoactive
mediators [137]. ECs also control the release of vasoconstrictors
and vasodilators by sensing fluid shear stresses. In the case of
endothelial destruction or dysfunction, the abnormal release of
these vasodilators and vasoconstrictors changes the vascular tone
and may promote the formation of a plaque [129,138].
Restoration of functional endothelial lining restores physiological
vasomotion and inhibits further neointimal proliferation. However,
despite several studies, the process and mechanism of endothelial
regeneration remains poorly understood. In the 1970s, a number
of studies reported the role of EC migration and proliferation from
nearby un-injured ECs in the regeneration of endothelium at the
site of injury [139,140]. However, other studies provided
evidence to support the development of mature endothelial cells
from the homing of endothelial progenitor cells (EPC) within the
blood [141,142]. In the past decades, intensive effort has been
undertaken to understand the biological properties of EPCs and
their relevant contribution towards endothelial repair, but the
results are still conflicting [137,143]. Some recent reviews
suggest that EPC do not contribute directly to regrowth of the
endothelium during the vascular healing process [137]. Perhaps,
the only valid mechanism involved in EC regeneration is the
proliferation and migration of the ECs from the edges of the
injured area [137,144].
Both the degree of restenosis and the distribution of neointima
along the length of the stent may be influenced by not only the
endothelial growth rate [91] but also the origin of endothelial
regeneration. In the current study, we report the variation of
neointimal growth along the length of a stented artery in vivo
through analysis of the variability in growth patterns from porcine
coronary histological sections. The response of the stented artery
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is simulated to provide in silico data from a two-dimensional
computational model where two different re-endothelialisation
scenarios were incorporated which focus on the effect of the origin
of endothelial regeneration (random EC seeding and EC growth
from proximal and distal ends). Results from these two different
scenarios were then compared with the averaged trends of the in
vivo data to identify the most probable mechanism of reendothelialisation during vascular healing.

4.1 Animal Experiments
For the purpose of the current study, the arteries treated with
BiodivYsio bare metal stents (3.5 x 15 mm) are taken into
account. These animal experiments were performed according to
UK home office regulations. The experimental protocol has been
described in detail elsewhere [82,83]. A total of eight coronary
arteries data has been used where stents were deployed in the
right coronary arteries (RCA). Balloon pressure was kept at 8
atmospheric pressure for 30 seconds to allow the deployment of
the stents. 2500 U heparin was injected before the interventional
procedure and 150 mg of aspirin was administered orally for five
days. Animals were sacrificed at 28 days post stenting and
stented arteries were harvested from the animal. Arterial
segments were cut into approximately 18-22 histological sections,
as previously described [82,83]. Each section was investigated
under a microscope and images of the histological section were
saved digitally for post-processing (Figure 4.1A and 4.1B). The
resolution of the microscope was kept constant for all sections
and the scale at which images were saved was 3.22 μm/pixel.

Figure 4.1: Histological sections and post processing area calculations.
(A) Idealised representation of the vessel where each circle represents
one of the histology sections. (B) A representative histology section.
Post-processing techniques to calculate (C) stent area and (D) lumen
area.
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4.1.1 Post-Processing Method
The digital histology images were post-processed using MatLab
(Mathworks, Inc.) to calculate stent, lumen and neointimal areas.
The stent boundary was identified by manually selecting points at
the centre of each stent strut, the lumen boundary was identified
by manual identification of the lumen boundary. Both methods
assume the area is bounded between points by a straight line. A
centre point was identified and triangles were constructed for both
stent (figure 4.1C) and lumen (figure 4.1D) by selecting two
surface points and the centre point. The area of each triangle was
calculated through the vector cross product method using the
equation shown below:
1
𝐴𝑟𝑒𝑎 =    𝑣! ×  𝑣!!!
2
where 𝑣! and 𝑣!!! are the vectors pointing from the centre point Pc
to point Pi and Pi+1 respectively (Figure 4.1C).
!

𝑇𝑜𝑡𝑎𝑙  𝑎𝑟𝑒𝑎  𝑓𝑜𝑟  𝑎  𝑔𝑖𝑣𝑒𝑛  𝑠𝑒𝑐𝑡𝑖𝑜𝑛  (𝑠𝑡𝑒𝑛𝑡  𝑜𝑟  𝑙𝑢𝑚𝑒𝑛) =   

𝐴𝑟𝑒𝑎!
!!!

where N denotes the number of triangles made from points in a
given section. Neointimal area was obtained by subtracting lumen
area from the stent area. As the measurement was a manual
procedure it was repeated five times, for each section of every
artery, to assess the errors involved in manual selection (Figure
4.2).

Figure 4.2: Example of one artery showing a standard human error
involved during the post-processing method for area calculations.

4.2 Computational Model
A computational two dimensional multi-scale model of ISR has
already been developed (chapter 1&2) [39,47,59] and has been

Chapter 4 | 53
recently used to study the effect of re-endothelialisation rate and
subsequent release of nitric oxide (NO) on the regulation of SMCs
(chapter 3) [91]. In the current study, the vessel length has been
increased by a factor of three compared to our previous model
domains. Simulation of a longer vessel allows more stent struts to
be deployed compared to our previous benchmark geometries
allowing investigation of the morphological changes in neointima
along the length of the stent under different endothelial regrowth
scenarios. We considered a vessel of a length of 4.5 mm with a
lumen width of 1 mm. The vessel wall thickness was defined as
120 μm, based on the average medial wall thickness observed in
the histology sections. Six bare metal stent struts were deployed
at a depth of 110 μm into the tissue, three into each side of the
vessel wall.
In silico results were produced under two distinct reendothelialisation scenarios. These scenarios represent possible
behaviour of endothelial cell function following stenting as
reported in the literature. The first scenario involves the
regeneration of endothelial cells from either side of the stented
region (the proximal and distal boundaries of the model)
assuming complete endothelial denudation due to balloon
angioplasty and stent deployment. This scenario of EC
proliferation from both sides inward was highlighted by Itoh et al.
[144], where the endothelium was completely denuded within the
injured area. However, this complete removal of the endothelial
layer was largely dependent on the experimental setup and the
nature of endothelial damage. The second scenario, described
previously in chapter 3 [91], involves random seeding of ECs,
assumed to be a result of either endothelial patches remaining
after the balloon angioplasty/stenting procedure and/or from
homing of circulating endothelial progenitor cells to the site of
injury. Harnek et al. [29] suggest there may be a small
percentage of endothelium which remains following balloon
assisted stent deployment but the exact location of these leftover
patches is not known and the percentage of remaining
endothelium appears to be stent design dependent [29].
For both scenarios it is assumed that 100% endothelium recovery
occurs at 23 days post stenting, as previously described [91].
The obvious difference in the above scenarios is the evolution of
the spatial distribution of endothelium on the inner layer of the
vessel as a function of simulation time. Once the endothelium is
present it is assumed to be able to sense the shear stress
generated by the blood flow and produces NO based on shear
stress magnitude. The concentration of NO is then used to inform
the process of cell cycle arrest in the adjacent SMCs to maintain
them in the quiescent state. If there is no endothelium present
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adjacent to an SMC it will continue to proliferate, giving rise to
neointimal development. In the current model no distinction is
made between functional and non-functional endothelium, once
endothelium has been generated it is assumed to immediately
respond to shear stress stimuli. Therefore we assume that any
endothelium which is not yet mature/functional does not play a
significant role.

4.3 Results
4.3.1 In-vivo Results

The stent, lumen and neointimal areas were measured five times
for each section of all arteries to obtain a measure of the error
associated with post-processing, this error is shown for one artery
in figure 4.2. The most proximal and distal sections were excluded
from analysis as these sections were obtained very close to the
end of the stent geometry and in some cases, an incomplete ring
of struts excludes the possibility of computing the stent area. The
number of sections in each artery were normalised to a fractional
length of 1 along the stent as the x axis in the plot shown in
figure 4.3A, with 0 corresponding to the first section analysed at
the proximal end and 1 corresponding to the last section analysed
on the distal side. The percentage stenosis due to neointima in
each section was obtained using the mean value of stent area of
each section from the five repeated measurements. The variation
in percentage stenosis along the stent is shown for all eight RCA
arteries in figure 4.3A. Comparison of the growth at the proximal
and distal edges of all arteries indicates that six arteries showed
higher neointimal growth at the distal end, with only two arteries
showing equal or slightly lower neointima at the distal end.
However, the difference in percentage stenosis between each end
is not statistically significant (p=0.16). To better understand the
growth trends, linear regression was applied to the neointimal
area data for each artery to characterise the variation in slope
from the proximal to distal ends. Analysis of the regression
showed that almost all arteries have a small but positive slope
except one where the slope was -0.00118 ± 0.0047 (neointimal
area per normalised length whereas ± represents the standard
slope error). However, it is also worthwhile to mention that some
of the responses in figure 4.3A do not follow a straight-line trend
and so linear regression may not be appropriate for all plots. The
averaged value of the slope among all the arteries data was 0.035
± 0.004 (neointimal area per normalised length). The averaged
result from figure 4.3A is also shown in figure 4.3B where a
slightly higher amount of neointimal growth on the distal side can
be seen in comparison to the proximal side. Due to the size of
deviation in the averaged neointimal response, it is rather difficult
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to interpret the result though the overall growth response seems
to stay fairly flat along the stent (figure 4.3B).	
  

Figure 4.3: In vivo variation in the percentage stenosis due to
neointimal growth along the length of the stented segment, measured
from histology. (A) Percentage of neointimal area in all eight RCA arteries
(B) Averaged result of neointimal area percentage from all arteries shown
in (A).

4.3.2 Computational Model Results

Morphological differences in the simulated tissue growth patterns
were observed between the two EC regeneration scenarios. The in
silico results demonstrate a strong effect of the two extreme
scenarios of EC regrowth. Random seeding of ECs resulted in a
relatively homogenous distribution of neointima along the stented
length (figure 4.4A) whereas the specification of endothelial
growth from both sides results in a thicker neointimal lesion in the
middle of the stented vessel (Figure 4.4B). These morphological
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differences are clearly evident with the use of the same reendothelialisation growth rate.

Figure 4.4: Computational results showing qualitative morphological
differences in neointimal growth between the two re-endothelialisation
scenarios; (A) Random seeding of ECs and (B) inward EC growth from
both sides. The six grey squares in each figure represent stent struts
deployed in to the vessel. The tissue composed of white SMC cells
underneath the struts shows the original vessel after stent deployment.
However, dark grey SMCs represent the neointima in both scenarios.

To compare with the processing applied to the in vivo data, the
surface area of the stent, lumen and neointima are computed in
silico. For the area estimation, rectangles were made with a
height corresponding to the distance between the inner
boundaries for both stent and lumen whereas the width of the
rectangles is chosen to be equivalent to the diameter of one SMC
(30 µm). For the height of the stent rectangle, centre points in
the middle of struts are chosen (Figure 4.5A) similar to the
measurements done in the in vivo data, however, for lumen, the
inner most cells in the upper and lower half were identified within
the width of the rectangular window and distance between those
two point was calculated (Figure 4.5A). The area of the rectangles
is computed by multiplying width with the height. These
rectangles, both stent and lumen with a width equivalent to one
SMC diameter, were moved from proximal to the distal end using
a step size of 30 µm in order to compute the area along the axial
direction. Stent, lumen and neointimal area computed in silico are
shown in Figure 4.5B and 4.5C where neointimal area is obtained
by subtracting the lumen area from the stent area. The neointimal
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area trends (from proximal to the distal end) are significantly
different, especially in the centre of the stented area and at the
extremes (proximal and distal ends). As for the in vivo results,
the percentage stenosis was calculated and is shown in Figure 4.6
along with the standard deviation of results obtained from six
simulation runs. Figure 4.6 clearly shows a distinct peak in the
middle of the stented vessel when EC regeneration is assumed to
occur from both sides, with the random seeding scenario resulting
in a more homogeneous (less pronounced peaks) neointimal
growth within the vessel.

Figure 4.5: Area of the stent, lumen and neointima along the length of
the stented region computed in silico. (A) surface area measurement
procedure to calculate stent and lumen areas by making rectangles using
the stent and lumen boundaries. Neointimal area is obtained by
subtracting lumen area from the stent area, (B) Random seeding of ECs
and (C) ECs re-growth from both sides inwards.

4.3.3 Histological and simulation results
comparison

To compare the two in silico endothelial regeneration scenarios
with the in vivo results to examine how well each scenario agrees
with the growth trends observed from histology, the ratio of
neointimal area at each location relative to that at the centre of
the stented section was calculated. These ratios are defined as:
𝑅𝑎𝑡𝑖𝑜!"#$%&'(  !"  !"#$%" =

𝑁𝑒𝑜𝑖𝑛𝑡𝑖𝑚𝑎𝑙  𝐴𝑟𝑒𝑎  𝑁
𝑁𝑒𝑜𝑖𝑛𝑡𝑖𝑚𝑎𝑙  𝐴𝑟𝑒𝑎  𝑎𝑡  𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙  𝑒𝑛𝑑
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𝑅𝑎𝑡𝑖𝑜!"#$%&  !"  !"#$%" =

𝑁𝑒𝑜𝑖𝑛𝑡𝑖𝑚𝑎𝑙  𝐴𝑟𝑒𝑎  𝑁
𝑁𝑒𝑜𝑖𝑛𝑡𝑖𝑚𝑎𝑙  𝐴𝑟𝑒𝑎  𝑎𝑡  𝑑𝑖𝑠𝑡𝑎𝑙  𝑒𝑛𝑑

Where neointimal area N is the neointimal area at each
histological section. So a uniform growth will give a straight line
at 1 and any deviation from ratio=1 will suggest more or less
growth at either end.

Figure 4.6: Percentage of neointimal growth based on the stent area
after deployment for both re-endothelialisation scenarios. Grey solid line
shows the scenario of random EC seeding whereas black solid line
represents neointimal growth based on EC growth from both sides.

Figure 4.7A and 4.7B display the averaged outcome of proximal to
centre and distal to centre ratio calculations respectively for all
the arteries along with the modelling results of both endothelium
scenarios. It is clear from figure 4.7 that the variation in the
animal RCA arteries remains fairly smooth. In comparison to the
histological data, the assumption of random EC regrowth shows
close qualitative resemblance with the animal data and the growth
along the stented length in that setting tends to remain
moderately flat. However, figure 4.7 also strongly suggests that
the neointimal ratio from the animal data does not support the
hypothesis of the inward endothelium regrowth that results in
reasonably higher centre to side ratios and dictates a higher
neointima in the middle of the stented vessel. For ratio
calculations, different reference points (ratio from centre to sides,
or from sides to centre etc.) can be used but the overall
conclusion, showing a disagreement of the EC from both side
scenario with the random EC and in-vivo data, remains true. The
ratio plots of EC growth from both sides initially follow the in vivo
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data and random EC growth scenario trends near the reference
point, but then it starts to deviate marginally (Figure 4.7).

Figure 4.7: Comparison of the ratio trends between the animal data and
two endothelium re-growth modelling scenarios based on the percentage
of neointima inside the vessel. (A) ratio from proximal to the centre and
(B) ratio from distal to the centre. Black dotted line represents the in vivo
data, solid grey line represents in silico random EC scenario and black
solid line represents in silico EC from both sides scenario.

4.4 Discussions
Porcine experiments have been helpful to understand the
dynamics of the complex restenotic process and the underlying
mechanisms. Combining such data with the outcomes from
numerical simulations can inform understanding of such processes
and allows the testing of new hypotheses. Evaluation of the
dynamics of endothelial growth or repair processes and the
subsequent influence of this on ISR development still seems to be
lacking in the literature. To our knowledge, there has been only
one in vivo study undertaken by Itoh et al [144] in the pial
arteries of mice to specifically investigate the re-endothelialisation
process. In that study, a region of the endothelium was damaged
via the photochemical reaction of rose bengal to green laser light.
Tie2-green fluorescent protein was used as a marker to identify
live ECs. It was observed that the endothelium recovery process
had already started within the first 24 hours following endothelial
injury and regeneration of the endothelium was observed from
both edges (proximal and distal) of the denuded artery. Moreover,
faster endothelial growth was observed from the proximal edge in
comparison to the distal end and the meeting point of endothelial
layers from both sides was always distal to the centre of the
injury, suggesting the differences in the re-endothelialisation rate.
The difference in the growth rate was due to flow direction where
ECs were observed more elongated towards the flow direction and
migrated and proliferated faster. Any apparent involvement of
foreign progenitor cells in the EC repair process was not found,
however this could be related to the experimental setup that was
used in the study. Additionally, It is also worthwhile to mention
that though the findings of Itoh et al. [144] are essential to
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understand the endothelium regrowth process, their model and
setup is not clinically relevant to the vascular stent induced injury
models and results may not be extrapolated directly to the
coronary stenting experiments. The clinically irrelevant model
highlights the need to perform similar experiments in the porcine
coronary stented arteries in order to evaluate the endothelium
regrowth process.
We have used the findings of Itoh et al [144] to describe one
possible re-endothelialisation scenario, assuming that ECs become
functional in a similar fashion as they re-generate to form a lining
on the vessel wall. Our modelling approach predicts that, under
this scenario, neointimal growth in such an artery will result in a
greater stenosis at the location where these edges meet each
other. If both the findings shown by Itoh et al. [144] and the
interactions between endothelial cells, flow and smooth muscle
cells assumed in the model are representative of in vivo
conditions, then the histological data shown in Figure 4.2, 4.3 and
4.7 are expected to show a peak in the growth process either at
the centre of the stented vessel (based on our computational
model assumption of identical growth rates at both proximal and
distal sides) or somewhere distal to the centre (based on the
observation of Itoh et al. [144]). However, the histological data
does not seem to support the notion of EC inward growth alone as
suggested by Itoh et al [144]. The in vivo data presented here
shows stronger support for the scenario where endothelial
regeneration occurs inside the stented region. In the biological
experiments reported here endothelial regeneration may include
the involvement of both methods of EC regeneration (EC growth
from both sides and from random patches / progenitors) acting
together, as a result further controlled biological experiments are
required to confirm the detail of this process.
This opens up another question. Do progenitors appear inside the
vessel? Several studies have reported that endothelial
regeneration is not mediated by the homing and differentiation of
EPCs into mature ECs [137,144,145,146,147], however, they may
facilitate the migration, elongation and proliferation of the
resident ECs [144]. But, as we have shown, taking these
observations into account and considering only that endothelium
grows from both sides of the injury, we end up in a peak-scenario
that does not coincide with the neointimal growth patterns
observed in the histology. According to Harnek et al, a little
endothelium in the denuded artery may survive the trauma
caused by the balloon assisted stent deployment, so these
patches may also contribute towards re-endothelialisation. The in
vivo study done by Itoh et al. [144] does not include the presence
of healthy patches; instead they induce a complete endothelial
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injury in the selected area of the vessel and the same
approximation was taken in our computational model and this
may explain the difference in results.
Another important observation from the evaluation of the
histological neointimal growth reveals that a slightly higher
growth was observed on the distal end when compared with the
proximal side. This has been shown by linear regression analysis
and a positive slope was observed in all the cases. Although, a
mismatch in stent-vessel size at distal end resulting in deeper
injury may account for exaggerated neointimal proliferation, it
may also be due to the effect of the direction of flow on the
endothelium regrowth process that mediates a faster growth from
the proximal side of the injury and may also involve the flow
direction dependent growth from the leftover healthy patches.
ECs directional migration and faster growth in the direction of flow
has already been observed in several studies where EC become
more elongated and proliferated faster in the flow direction
however, these studies do not focus on the neointimal growth
[144,148,149].
The current computational study is limited only to 2D ISR model
and there is no direct comparison possible in terms of vessel
dimensions (length and diameter) in vivo and in silico along with
the differences in the number of struts present within the stented
length, however the aspect ratio (length vs diameter) of the
vessel was kept quite similar in the in silico model (4.5:1) to that
seen in the in vivo experiments (4.55:1). A better comparison
should be done with the ISR3D model using more realistic 3D
idealised vessels. The final goal of such studies to better
understand the ISR patterns will be to include the vascular
geometry that can be obtained directly from the imaging
modalities and should be incorporated in the ISR3D model. This
will allow us to model the blood flow in a more realistic domain
taking into account the curvature of the vessel along with the
accurate stent design. Modelling ISR in such realistic domains
may better correlate with the neointimal patterns seen in the
histology and allow us to do quantitative comparison which is far
from trivial until now and should be taken as a next step forward
in this research.
Finally, our study suggesting endothelial regeneration potentially
from patches of surviving EC cells has potential clinical relevance.
Stents vary in their design (open cell vs. closed cell), strut
dimensions (thickness and width), and metal to artery wall ratio.
All these factors can influence the size of surviving EC patch and
hence endothelial regrowth. It can partially explain the difference
in endothelial coverage among 1st generation and newer stents
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and may also help clinicians in making a more informed choice on
selecting a particular stent for a patient and to develop better
stents in future. Further studies with different stents are
warranted.

4.5 Conclusions

Using computational model of ISR and comparison with in vivo
histology we conclude that, within the context of the assumptions
involved in the modelling process, endothelial growth from
regions of the vessel proximal and distal to the stent is not
sufficient to explain the morphology observed from histology. The
results suggest that random EC seeding and/or patches of
endothelium that survive balloon expansion and stent deployment
play a role in endothelial recovery.

5
5. Modelling smooth muscle
cells migration in response to
vascular injury using the Cellular
Potts Model
In-stent restenosis (ISR), being an unwanted vascular response,
initiates due to arterial injury caused by balloon angioplasty and
stent deployment. Migration and proliferation of smooth muscle
cells (SMC) are the primary factors that are responsible for the
development of neointima in the early phases of injury [150]. The
migration of SMCs is linked to the cell cycle state of the cell [151].
Under physiological conditions, SMCs remain in a quiescent state
(G0 of the cell cycle) however, after arterial injury, some of these
cells change their phenotypes and enter into G1 stage [100].
Studies have shown that the migration of SMCs is directly linked
to the cell cycle state of the cell where SMCs in the later phase of
G1 stage (G1b) tend to exhibit greater migratory activities [151].
Once a cell enters into a cell cycle, an increase in the cell volume
along with an increase in the cell viscosity takes place [151]. The
cell becomes less adhesive to its neighbours in the later phase of
This chapter is a further continuation of the master thesis work done by Ioana
Niculescu at computational Science section, UvA [152]. A full detailed model
description and new results will be submitted to a journal soon. Ioana Niculescu
will be a co-author in that submission.
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G1 (G1b) phase (before entering into Mitosis) and this may result
in cell migration [151]. Fukui et al. [151] observed that most of
the migrating SMCs were in the later G1 phase of the cell cycle
and this seems to be consistent with other studies related to
drugs like Rapamycin or Paclitaxel which have been used to block
the cell cycle progression. These studies also reported that cell
migration was also blocked due to the presence of these drugs
[150,153,154].
In previous chapters, the effects of different factors (injury score,
strut shape, drug elution from the stent, endothelium recovery
rate, origin of the endothelium recovery etc.) on ISR development
have been shown. However in those studies, the vascular reaction
of the vessel in response to injury was initiated by breaking the
internal elastic lamina (IEL) layer. According to [69], this may not
be the case in real situations and neointima can still develop in
the presence of un-broken IEL. There seems to be a direct
correlation between the IEL stretch, based on the angle between
the IEL and the stent strut, with the final neointima in the porcine
animal experiments [69]. However, our previous chapters do not
include such a property. This was mainly limited due to modelling
approach taken to model the vascular tissue using the agent
based model (ABM), where cells were just point based particles
and act as independent entities by responding separately to
different levels of stimuli. The IEL layer in the ABM was created
using a monolayer of cells which were densely packed into each
other and the potential function was tuned in such a way that IEL
cells slightly overlap each other in the state of equilibrium.
Several modelling approaches (continuum, cell-based, lattice
based) have been adapted in the past decades to model and to
study different aspects of ISR both at tissue and cellular levels.
However, every approach has its own versatile features to capture
a specific problem but it may at the same time fail to follow other
distinct features that are also observed. Continuum models such
as finite element (FE) have been proven to adequately represent
the natural behaviour of vascular tissue in terms of structural
stresses due to stent deployment. Moreover, the sites of high
structural stresses have been correlated with the neointimal
tissue growths using follow-up studies [155]. Despite the fact that
continuum approaches offer the best solution in terms of
estimating structural analysis of the vascular tissue, these models
reach their limits when cell-cell and cell-environment interactions
become important. Moreover, to our knowledge, there has been
no study where cell growth and migration of cells can be
incorporated using FE. Although all the in silico models are limited
to some extent, the cell based (off lattice) or lattice based models
(Cellular Automata (CA) or Cellular Potts Model (CPM)) can
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simulate the dynamics of the functions occurring at the cellular
level in a relatively easy way. Agent based or cell based model
(lattice free) used in the first few chapters of this thesis are very
robust in terms of cellular dynamics where the interaction
between cells is rule based. However, that model is less suitable
to capture SMC migration through the IEL layer.
Right after the vascular injury caused by the stent and the balloon
angioplasty, SMCs from the vascular medial wall have been
observed to migrate through the small openings (fenestrae) of the
IEL into the lumen where they start to proliferate [156,157,158].
The 2D SMC model (presented in chapter 2, 3 & 4 of this thesis)
for tissue dynamics does not include fenestrations in the IEL
layer. Fenestration in the IEL can be created in our agent based
tissue model by tuning the equilibrium distance between IEL cells.
A similar kind of tuning of the IEL layer has already been
implemented in the ISR3D model (chapter 6) where stent
deployment produces stretch on the IEL layer. Moreover, a deeper
penetration of the stent produces larger gaps between the IEL
cells. The 3D model also allows manually breaking of the IEL layer
in order to compare the neointimal growth results with a scenario
where the IEL remains intact. Despite of the fact that the
fenestration in the IEL can be implemented and can be tuned in
order to replicate the natural fenestration in the IEL layer, the
under lying SMCs cannot migrate through these fenestrations.
They can only start to grow and enter the G2/S/M phase of the
cell cycle and once a cell divides into two daughter cells, one of
them may appear into the lumen. There is no real crawling of the
cells in the agent based ISR models (both in 2D and 3D). Instead
cells try to remain densely packed (the state of equilibrium) based
on the potential function associated with the relevant cell types.
On the other hand, CPM allows modelling cell migration by tuning
the adhesion and cohesion energies between different cells types.
This model permits both the migration through the IEL fenestrae
and proliferation of cells at the same time, which makes it far
more attractive than the ABM model where cells can only
proliferate first and then pop-up into the lumen. However, CPM
model lacks to replicate the mechanics (stress strain relationship)
of the vascular tissue.
In this chapter, the involvement of SMCs migration towards the
development of neointimal tissue has been highlighted. The
trauma initiated by the stent deployment has been observed to
activate SMCs migration from the medial layer into the lumen
where they give rise to neointima. A hypothesis has been
developed based on the relationship observed between the
number of migrated SMCs and the injury scores. This chapter also
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highlights the connection between the number of initial migrated
SMCs and the growth speed of neointimal growth.

5.1 2D Cellular Potts Model of ISR
The Cellular Potts method [159], being a lattice based
computational modelling method, is widely used to study the
collective behaviour of cellular structures. Each cell in CPM has its
own identity σ and is represented as a set of lattice sites sharing
the same index. In addition to its unique identifier, each cell has a
specific cell type (τ>0). Therefore, every lattice site or pixel (i,j),
where i and j represent the coordinates axis, is a part of one
specific cell that has its own identityσ(i,j). Moreover, that specific
cell also belongs to a particular cell type τ (i,j). This modelling
framework usually allows having a couple of cell types. Moreover,
all biological cells are immersed in a medium that represent a
very special cell type. Any lattice site that does not belong to any
biological cell type is considered as medium.
The classical implementation of the CPM employs a modified
Metropolis Monte-Carlo algorithm [160]. The dynamics of the cells
is described by an effective energy function called “Hamiltonian”
which usually is the sum of the terms representing cell adhesion
and volume or surface constraints. Once the Hamiltonian is
defined, the system evolves by applying the following procedure
at each Monte Carlo Step (MCS):
A number of lattice sites equal to the size of the lattice are
randomly visited. One MCS consists of as many index-change
attempts as the number of pixels in the lattice [160]. Each
randomly visited lattice site tries to copy its cell index into a
randomly chosen neighbour in the next nearest neighbourhood.
The difference in the total energy of the system ΔH caused by the
index change attempt is calculated. The probability of the
accepting an index change attempt is based on the following
transition rule:
𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑡𝑦   𝜎 𝑖, 𝑗 →   𝜎 𝑖 ′ , 𝑗 ′

=   

1                        ,

∆𝐻 < 0

!∆!
𝑒 !           ,

∆𝐻 ≥ 0

where 𝜎 𝑖, 𝑗 is the cell index of the lattice site   𝑖, 𝑗 and 𝜎 𝑖 ′ , 𝑗 ′ is
the index of the first or second order randomly selected neighbour
lattice 𝑖 ′ , 𝑗 ′ . The parameter 𝑇 is known as temperature and
represents the fluctuations in the system, resulting in a complete
freeze of the system when 𝑇 approaches 0. The above equation
narrates that the index change attempt is always accepted if ΔH
is less than zero. Otherwise system follows the Boltzmann
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probability to accept or reject an index change attempt.
There are at least two basic components in a typical Hamiltonian
for every variation of the 2D CPM: bond energy and surface area
energy
𝐻 = 𝐻!"#$ + 𝐻!!"#
The cell-cell and cell-medium interactions take place through
bounding energies. The bounding energy between two cells is
proportional to the size of the interface between both cells and is
given by the formula:
𝐻!"#$ =   

𝐽

! ! !,! ,! ! ! ′ ,! ′

1 − 𝛿!

!,! ,! ! ′ ,! ′

!,! , ! ′ ,! ′

where

𝐽

! ! !,! ,! ! ! ′ ,! ′

is

the

bond

energy

between

two

neighbouring cells, where δij is the Kronecker delta, which
eliminates contributions from the neighbouring lattice sites
belonging to the same cell.

Figure 5.1: A benchmark 2D un-stented vessel composed of contractile
SMCs (pink color) and two laminas. IEL is shown in yellow whereas EEL is
drawn in blue.

The area energy term in the Hamiltonian is given by:
𝐻!"#! =   𝜆

𝑎! − 𝐴!

!

where 𝑎! represents the current area of the cell 𝜎, while 𝐴! is the
target area. The factor 𝜆 is the stiffness of the cell area. Any
deviation of the current area of the cell from the target area (in
case a cell is stretched or compressed) penalises the Hamiltonian
by increasing the total cell energy.
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For modelling ISR in two dimensions using CPM, the Tissue
Simulation Toolkit (http://tst.sourceforge.net/) was used. A 2D
vessel, placed on a rectangular dish (1124 x 1330 lattice sites)
corresponding to a vessel length of 1.5 mm, is shown in figure
5.1. The size of one lattice site is kept equivalent to 1.334 µm.
The vascular medial wall thickness and the lumen width are
chosen to be at 120 µm (90 lattice sites) and 1 mm (750 lattice
sites) respectively. The thickness of the medial wall is taken from
the analysis of typical porcine histological coronary artery sections
and has already been used in our previous papers [59,91]. In
order to make a vessel, the layers of IEL and external elastic
lamina (EEL) are created first and then the space between both
laminas is filled by seeding SMCs. The target area of SMCs is set
to 250 lattice sites.
Table 5.1: Simulation parameters
Parameter	
  

Value	
  

Description	
  

T	
  

25	
  

Effective temperature of the simulation	
  

nr_smcs	
  

700	
  

the number of SMCs in the vessel	
  

Nr_iel	
  

282 	
  

The number of IEL cells	
  

Nr_eel	
  

322	
  

The number of EEL cells	
  

λSMC	
  

50	
  

The compressibility of cells	
  

λLaminas	
  

50	
  

The elasticity parameter of laminas (IEL, EEL)	
  

JsSMC,sSMC	
  

70	
  

Energy between synthetic SMCs	
  

JsSMC,Medium	
  

50	
  

Energy between synthetic SMCs and medium	
  

JsSMC,IEL	
  

50	
  

Energy between synthetic SMCs and IEL	
  

JsSMC,EEL	
  

50	
  

Energy between synthetic SMCs and EEL	
  

JqSMC,qSMC	
  

30	
  

Energy between quiescent SMCs	
  

JqSMC,Medium	
  

60	
  

Energy between quiescent SMCs and Medium	
  

JqSMC,IEL	
  

100	
  

Energy between quiescent SMCs and IEL	
  

JqSMC,EEL	
  

60	
  

Energy between quiescent SMCs and EEL	
  

JIEL,IEL	
  

20	
  

Energy between IEL cells	
  

JIEL,Medium	
  

50	
  

Energy between IEL and Medium	
  

JEEL,EEL	
  

5	
  

Energy between EEL cells	
  

JEEL,Medium	
  

30	
  

Energy between EEL and Medium	
  

Moment
activation	
  
Relaxation	
  

20000	
  

The Monte Carlo step in which quiescent SMCs
become synthetic	
  
The number of Monte Carlo steps in which
vessel is initialised and stent is deployed.	
  

MCS	
  

500000	
  

20000	
  

Total Simulation time in Monte Carlo Steps	
  

The medium properties do not vary inside and outside of the
vessel. The energy between the elastic laminas (IEL and EEL) and
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medium is kept constant. A full list of parameters including the
energies between different cell types is shown in Table 5.1.

5.1.1 Elastic laminas
The monolayers of elastic laminas, both IEL and EEL, were
assigned with different cell types in the simulation and both
exhibit different energies with the other cell types (Table 5.1).
The centre of mass of every two cells in the laminas were
connected by an elastic spring which means that the centres of
mass of two cells is constrained to stick to a target distance. To
create and maintain a mono-layered membrane of laminas, every
cell in the lamina has two links which are connected to the next
neighbours on both sides (right and left) belonging to the same
cell type. Moreover, the energy between the lamina cells
belonging to the same cell type is chosen to be very low so that
those cells stick to each other and form a cohesive membrane. In
order to further model the process of stent deployment, the
boundary lamina cells (the first and the last) on both sides of the
domain were fixed to the lattice. This was extremely necessary to
fix the vessel from both sides to the lattice otherwise the force
exerted by the stent would have pushed the whole vessel
outward, making it impossible to capture the influence the stent
related stretch on the laminas and underlying SMCs.
Every link adds a new term Helastic to the Hamiltonian. The factor
Helastic is given by:
𝐻 !"#$%&' =   

𝜆!"#$%&' 𝑘   ×   𝑙 𝑘 − 𝐿 ! 𝑘

!

!!!"#$

where 𝑘 is a link, 𝑙 𝑘 is the current length of the link, 𝐿 ! 𝑘 is the
specified target length of the link. The term 𝜆!"#$%&' 𝑘 is the
elasticity parameter and results in a stiffer link if the value of the
𝜆!"#$%&' 𝑘 is higher. The length of a link 𝑙 𝑘 is estimated by
calculating the absolute distance between the centres of mass of
two cells which were connected by the link.
In equilibrium, the distance between the IEL cells (fenestration) is
kept very small. However due to the stretch caused by stent
deployment, this distance becomes enlarged near the stent struts
which allows the medial SMCs to migrate through them. The
assumption of having a almost no holes in the IEL allowed us to
inhibit the SMC proliferation in the un-stented vessel. The
migration of SMCs only takes place if the SMC finds a hole in the
IEL, which is certainly to be a result of the stretch due to stent
deployment.
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5.1.2 Stent deployment
The process of stent deployment was modelled by deploying two
square stent struts into the vessel. Stent struts were modelled as
a special type of cell whose boundaries form a barrier and other
cell types were not allowed to extend protrusions into the struts.
For the current study, cells were prevented to stick to the struts
by assigning high energy to the struts, thus modelling the stent
material as non-adhesive.
Stent struts were deployed in the middle of the vessel length as
an initial condition. During the stent deployment, the vascular
wall was composed of quiescent (contractile) SMCs, However,
once struts were deployed, SMCs change their phenotype to
synthetic. The strut size was chosen to be at 90 µm. The
deployment process was modelled by perceiving ΔH as a force.
The force field was gradually applied on the tissue perpendicular
to the horizontal axis until it reaches to a specified deployment
depth. The force filed width was set equivalent to the strut
thickness and was only effective at the locations (the centre of the
vessel) where struts will be deployed (figure 5.2). At those
locations in the tissue, the force field was applied to all the cells
which pushes the vessel outwards.
The process of force field was implemented by biasing the ΔH of
all the index change attempts. If an index change attempt was in
the direction opposing the deployment direction, this was
discouraged by adding a positive value F to the ΔH, and otherwise
encouraged by subtracting F from ΔH. No restrictions were
applied to the index change attempts in the direction
perpendicular to the direction of deployment. The direction of
force was always perpendicular to x-axis (horizontal axis)
however, the direction of the deployment for both struts (upper
and lower) was opposite to each other.
For the lower strut, the deployment depth increases in the
positive direction of the vertical axis (y-axis) whereas for the
upper strut, it was the other way around and the deployment
depth increases in the opposite direction of the vertical axis
(Figure 5.2). This rule can be stated as:
For lower strut:
∆𝐻 =   

  ∆𝐻 + 𝑠𝑔𝑛 𝑗! − 𝑗   ×  𝐹                              , 𝑙𝑎𝑡𝑡𝑖𝑐𝑒  𝑠𝑖𝑡𝑒 𝑖, 𝑗 ∈ 𝑓𝑜𝑟𝑐𝑒  𝑓𝑖𝑒𝑙𝑑
  ∆𝐻                                                                                                      , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                              

For upper strut:
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∆𝐻 =   

  ∆𝐻 + 𝑠𝑔𝑛 𝑗 − 𝑗!   ×  𝐹                              , 𝑙𝑎𝑡𝑡𝑖𝑐𝑒  𝑠𝑖𝑡𝑒 𝑖, 𝑗 ∈ 𝑓𝑜𝑟𝑐𝑒  𝑓𝑖𝑒𝑙𝑑
  ∆𝐻                                                                                                        , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                              

where 𝑠𝑔𝑛 is the sign function, 𝑗! is the y-coordinate of the lattice
which tries to copy itself in the lattice with coordinate 𝑗 and 𝐹 is
the force.
The force field remains switched on until the desired deployment
depth is achieved. Next, the struts are placed in the vessel and
the force field is switched off. The magnitude and the duration of
the applied force remain constant for all simulations presented in
this study.

Figure 5.2: Stent deployment procedure. (A) Pre stented vessel. (B) A
force field is initialized at the location where stent struts will be deployed
and this causes the vessel to deform from those locations. (C) Force field
is kept switched on until the desired deployment depth is reached. (D)
Stent struts are placed inside the vessel and the force field is switched
off.

5.1.3 SMC migration and proliferation
In order to understand the growth of SMCs as a function of time,
a relationship between real time and CPM steps should be built
first. The time is determined by relating the cell growth speed in
the CPM with the cell cycle duration of porcine SMCs. A typical cell
cycle length of aortic porcine SMCs is 32 hours [48]. Therefore,
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relating a typical porcine cell cycle (32 hours) to CPM steps results
in 2850 MCS = 32 hours (2138 MCS for 24 hours (1 days)).
In the current model, all SMCs change their phenotype
immediately after the stent deployment and are allowed to grow
only if they obey certain rules. If a specific cell has less than two
neighbours and has space available to grow, the target area of
that cell is gradually increased. If a cell is allowed to grow, the
target area of that specific cell is increased by two lattice sites
every 12.23 minutes. The cell doubles its target area in 2850 MCS
(32 hours real time) and then it is divided into two daughter cells
where half of its lattice sites are assigned with a new cell index (a
new daughter cell). The other half of the cell lattice sites keeps
the properties of the mother cells.
Once a cell starts to grow by increasing its target area and if there
is any gap in the IEL adjacent to that cell, the cell is pushed
towards the empty space in the IEL layer and we call it as a
migration of the medial SMCs into the lumen. The migration and
proliferation of SMC outside the EEL is not allowed in our
simulation. Therefore, the only gap SMC can find is through the
large fenestrations of the IEL due to stent deployment, so they
grow and migrate through those fenestrae.
Different injury levels were identified by measuring the angle
between the IEL and the base of the stent (figure 5.3). Injury
levels were categorised into three injury scores, based on Gunn’s
injury score, to observe their possible effects on the SMCs
migration and proliferation (Table 5.2). The stent causes stretch
on the IEL allowing the fenestrae to become bigger depending on
the deployment depth of the stent (injury score 1 & 2). However,
the IEL may break in response to excessive stent deployment
(injury score 3), therefore, the rupture of the IEL in our model is
permitted by removing IEL links based on the link length. If the
length of any IEL link exceeds twice of its target link length, we
remove that specific link. After rupture, the IEL undergoes a
period of elastic recovery until it gets to 0% strain. This elastic
recovery allows the IEL to retract until it reaches to equilibrium
state (figure 5.3C).
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Figure 5.3: Injury score and angle of IEL stretch. (A) Injury score 1
where the angle is below 45°, (B) Injury score 2 where IEL angle is
above 45° and (C) Injury score 3 where IEL ruptures. The red cells
represent synthetic SMCs, whereas yellow and blue linings represent IEL
and EEL layers respectively.
Table 5.2: Injury score versus deployment depth information based on
Gunn Injury Score [69]

Injury Level

Description

Injury Score 1

IEL stretch < 45°

Deployment Depth
(D)
D ≤ 40 µm

Injury Score 2

IEL stretch > 45° and
IEL stretch < 70°
IEL is broken

D > 40 µm and D ≤
90 µm
D > 90 µm

Injury Score 3

In order to identify SMCs migration and proliferation as a function
of the injury, we run simulations with three injury scores as
mentioned in Table 5.2. Each simulation was run five times to
obtain the standard variation in the results. In this thesis, we
present preliminary results based on three deployment depths: 40
µm (Injury score 1), 90 µm (Injury score 2) and 190 µm (Injury
score 3). For a detailed publication (in preparation), we intend to
explore the full range of injury scores: Injury 1 (10, 20, 30, 40
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µm), Injury 2 (50, 60, 70, 80, 90 µm) and injury 3 (100, 110,-----190 µm or higher). We do not break the EEL (injury score 4 as
identified by Gunn et al. [69]) in this study because then cells will
start to proliferate outside of the vessel. In physiological
conditions, a thick layer of tunica adventitia surrounds EEL. Our
current 2D CPM model does not include such adventitial tissue.

5.2 Preliminary Results

Results for five simulations per deployment depth were obtained
from the model. Due to the stent deployment, the fenestrae in IEL
become larger near the stent struts thus allowing the underlying
synthetic SMCs to migrate through the IEL and enter into the
lumen where they start to proliferate. Figure 5.4 shows a
snapshot of the cells migrating through the IEL layer. The black
arrows indicate those cells which have entered into G1 and
started migration. Figure 5.5A shows the growth of neointima due
to SMCs proliferation at a follow-up time point (3 weeks after
stenting). The growth of SMCs stops when the lumen is
completely occluded (Figure 5.5B). Note that this is due to fact
that there is no other stopping mechanism (coupling with flow, reendothelialisation and nitric oxide release) except contact
inhibition present in the current model.
To understand the effect of injury on SMCs migration, the number
of migrated SMCs which crossed the IEL barrier within the first
week after stenting were counted in each simulation. The
migrated SMCs can only be seen in the simulations with injury
score 1 and 2. However, this migration went down in injury score
3 where the IEL is broken. This happened due to elastic recovery
of the lamina (retraction) and the fenestrae in the intact IEL
became smaller again, thus reducing the SMC migration.
Therefore, we also counted those inner most SMCs which became
exposed after IEL breakage and considered them as migrated
cells. These exposed cells can immediately enter into the cell
cycle and give rise to neointima.
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Figure 5.4: Migration of SMCs through the IEL fenestrae. Black
arrows show the SMCs that were migrating through the IEL gaps.
Deployment depth is 90 µm.

Figure 5.5: Progression of neointima at follow-up. The stent was
deployed at 90 μm. (A) Partial occlusion of the lumen, (B) Complete
occlusion of the vessel due to SMCs proliferation.

The averaged results of the number of migrated SMCs through
the IEL as a function of time are shown in Figure 5.6. It is clear
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from Figure 5.6 that migration of the SMCs increases with the
increase in the vascular injury caused by the stent. Additionally,
the migration of SMCs among all injury groups appears to be
stopped with in the first one week after the injury. This is due to
the fact that once an SMC migrates through a pore of the IEL, it
starts to proliferate at that location, thus blocking the passage for
other SMCs through that specific pore. Figure 5.6 also highlights a
significant increase in the number of migrated SMCs in the injury
score 3 when compared to the other two injury scores.

Figure 5.6: Number of SMCs migrated as a function of time for all three
injury scores.

Apart from the migration analysis as a function of injury, figure
5.7 demonstrates a direct relationship between the injury scores
and the total number of neointimal cells as a function of time after
stenting. Neointimal cells include both the number of migrated
SMCs from the media into the lumen as well as the ones
proliferated in the lumen. It is also clear from Figure 5.7 that the
rate at which SMCs proliferated increases with the injury,
resulting in a faster neointimal growth with a deeper injury (injury
score 3). We only evaluated the neointimal cell growth until the
first 10 days after stenting because there is no stopping
mechanism (except contact inhibition) in the current tissue model
that can inhibit or stop cell proliferation. Neointimal growth
completely stops when the lumen is completely occluded (Figure
5.5B). We observed an exponential neointimal growth during the
first week after stenting, however, the growth trends enter into a
linear regime as the time further progresses (Figure 5.7). In order
to further understand the effect of injury on the neointimal growth
response, we applied exponential regression to the neointimal
cells count data using the equation:
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𝑁 𝑡 =    𝑁! ∙ 𝑒 !"
where 𝑁! is the initial number of neointimal cells, 𝑡 is the time
after stenting and 𝑟 is the growth rate. Since we only observe an
exponential growth until the first 6 days after stenting and trends
start to become linear after wards (data not shown), therefore,
fitting the data until a later time point (after 6 days) with an
exponential curve will results in a poor quality fitting. We
observed the best fits (R2 ≈ 0.99) for all injury scores using the
neointimal growth data until the first 6 days. Therefore in this
case, our fitted time interval is 6 days.

Figure 5.7: The growth of the neointimal tissue as a function of injury
score.

Evaluation of the fitting data, tabulated in Table 5.3, reveals that
the growth rates for injury 1 and injury 2 appear to be the same.
However for injury score 3, a slower growth rate, r =0.53/day is
obtained. A positive correlation is also observed between the
injury scores and the 𝑁! . Injury score 1 resulted in a slightly lower
𝑁! ( 𝑁! =0.75) when compared to Injury score 2 ( 𝑁! =1.85).
Moreover, the initial number of the neointimal cells in injury score
3 was found to be much higher (𝑁! =11) when compared to the
other injury groups. This evaluation of 𝑟 and 𝑁! further suggests
that the difference in the neointimal cell growths between injury
scores 1 & 2 is mainly due to the difference in the number of
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initial migrated SMCs which resulted in a slightly different 𝑁!
however the growth rate was observed similar in both cases.
Table 5.3: Growth rate (r) and initial number of cells (N0) obtained from
exponential fitting performed at 6th day fitted interval.

Description
Injury 1
Injury 2
Injury 3

Growth Rate r per day
0.6
0.6
0.53

N0
0.75
1.85
11

If we put one single SMC on a dish and allow it to grow and
proliferate, the SMC will divide into two daughter cells in 32
hours. The doubling of cells every 32 hours results in a growth
rate 𝑟 = 0.52/day. When we compare this value of 𝑟 with the ones
obtained from the neointimal growth fittings performed until 6th
day fitting interval, it is clear the growth rate in injury scores 1 &
2 is higher than this value, however, unrestricted growth rate (𝑟 =
0.52/day) is comparable to the fitted growth rate observed in
injury score 3 (𝑟 = 0.53/day). But it should also be noted that the
growth rate equals 0.52/day is true only for the case where there
is no contact inhibition and cells are free to grow. But in case of
vessels, some of the cells until day 6 may return to quiescent
state depending on if they were contact inhibited or not. Then
why the growth rate is still so high?
The reason behind this increased growth rate is that the
exponential fitting was applied to the overall neointimal cell count,
including those migrating into lumen as a function of time. Lets
assume, there is one neointimal cell at day 1 and that cell is
already in a G1 phase of the cell cycle. This cell will divide into
two daughter cells on the next day. This will produce a growth
rate of 0.52/day (assuming the cell cycle of 32 hours). But based
on figure 5.6 (injury scores 1 & 2), another process of SMCs
migration from the medial layer into the lumen is also active at
the same time. If you assume that there will be two migrated
cells on the 2nd day, these cells will also be counted as neointimal
cells. Therefore, based on this example, the neointimal cell count
on day 2 will be four instead of two (one parent and the other
daughter). This addition of migrated SMCs in the neointimal cells
shows up as an increase in the fitted growth rate. However, in
case of injury 3, there were not so many migrated SMCs which
were being added at later time points, therefore the growth rate
in that case resembles very well with the ideal growth speed of
0.52/day. Fitting the neointimal cell count data to longer fitted
time intervals reveals that the fitted growth rate goes down with
an increase in the fitted time interval for all injury scores (Figure
5.8A). This is due to fact that as the cell count increases, most of
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the cells are turned back to G0 due to contact inhibition. We also
observed a positive correlation between 𝑁! and fitted time interval
for all injury scores (figure 5.8B). A drop in the quality of fitting
(R2) with the increase in the fitted time interval has been
observed and shown in figure 5.8C. It is clear from figure 5.8C
that the best fits for all injury scores were observed at 6th day
fitted time interval.

Figure 5.8: Exponential regression analysis on the averaged neointimal
cell count from all injury scores as a function of fitted time interval. (A)
Growth rate resulting from exponential fitting for all three injury scores,
(B) Initial number of neointimal cells (N0) obtained from the fitting. (C)
Quality of the fitting R2. Grey solid line: Injury score 1, Black solid line:
Injury score 2 and Grey dashed line: Injury score 3.

5.3 Discussion
There were few main important goals associated with this study;
the first one was the development of a CPM tissue model that can
replicate a biological function happening in the injured arteries.
The second aim was to incorporate different levels of injury scores
as described by Gunn et al. [69] based on the condition of the IEL
layer (stretched or broken). The third aim was to observe a
relationship between injury scores and the initial number of
synthetic SMCs migrated through the IEL. The results presented
in this chapter clearly shows the involvement of the migrated
SMCs towards the growth of neointima where a higher number of
migrated SMCs always result in a higher neointimal cell growth.
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In the current chapter, we hypothesize that the migration of SMCs
through the fenestrae of IEL into the lumen is needed to start
neointima formation and that the number of migrated SMCs
correlates with the injury score. The SMCs that immediately after
stenting migrate into the lumen form an ‘initial condition’ for the
early exponential growth phase. So, a larger stretch of the IEL
due to a larger deployment depth (larger injury score) results in a
higher number of migrated SMCs in the lumen and in turn results
in a faster growth speed. Our hypothesis is that this mechanism
could explain the observed positive correlation between injury
score and neointima formation.
The current CPM model allowed us to model the phenomenon of
the SMC’s migration, while they are in the G1 growth stage, as a
function of injury scores. The results presented in this chapter
show a direct correlation between the injury scores induced by
the stent with the number of SMCs migrated through the IEL into
the lumen. The initial number of migrated SMCs then further
dictates how fast a neointima will grow: a higher number of
migrated cells corresponds to a faster neointimal growth and this
is evident from the results presented in this chapter (Figure 5.6
and 5.7).
The results also show a faster proliferative response as a function
of injury score and growth trends match well with the in vivo data
shown in figure 2.6 (chapter 2). This faster proliferative response
is due to the higher number of initial SMCs that migrated into the
lumen and continued to proliferate. However, the results
presented in this chapter are limited in terms of statistical
analysis and moreover, simulations were run based on a single
deployment depth in each injury category which does not cover
the full range in each injury score. Therefore a detailed study is in
progress where a different range of deployment depths will be
used in each injury score category. Using the whole range of
different levels of deployment depths in each injury group will
result in a bigger variation in the results and further statistical
analysis will be applied to validate the hypothesized relation
between injury score, migrated SMCs and rate of neointima
formation.
In this chapter, the fitted growth rates at 6th day fitted time
interval are quite high in the first few days after the injury.
However, the fitted growth rates tend to go down with an increase
in the fitted time interval. The growth rate measured in the
previous study presented in the chapter 2 of this thesis show a
slightly lower growth rate (𝑟 ≈ 0.30/day) when compared to the
current results of injury score 3 (𝑟 = 0.53/day obtained with 6
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day fitted time interval). The difference is due to following
reasons: (i) Logistic growth fitting was applied in chapter 2 where
initial number of cells (𝑁! ) was fixed to 10. Fixing the 𝑁! will result
in a different growth rate. (ii) The fitting in chapter 2 was applied
to neointimal cell number counted until day 40 after stenting. The
figure 5.8A clearly shows that fitted growth rate decreases with
an increase in the fitted time interval. The value of the fitted
growth rate from 13 day fitted time interval results in a value of 𝑟
= 0.316/day which is quite comparable to the one observed in our
previous study (chapter 2). (iii) The effect of flow on the SMCs is
not present in the current CPM model. The growth rates obtained
from the injury scores 1 & 2 used in the current chapter cannot be
directly compared with our previous study because these injury
scores belong to a different initial condition where IEL is not
broken.
To conclude, an in silico CPM model of a 2D stented vessel has
been developed that allows us to investigate the role of SMC
migration during ISR development. A direct relationship between
the initial number of SMCs migrated through the IEL has been
observed as a function of injury score. Moreover, faster growth
speed was observed with a high injury and this may be due to
increase in the number of initial SMCs migrated into the lumen.
Based on the results reported in this chapter, we hypothesized
that the development of the neointimal tissue heavily depends on
the number of initial migrated SMCs immediately after stenting. A
decrease or increase in the number of migrated SMCs during the
early days after stent seems to have a predominant effect on the
speed of neointimal growth. This hypothesis however warrants
some further detailed animal experiments.

6
6. Three Dimensional In-Stent
Restenosis Model
The work described in the previous chapters of this thesis was
restricted to two dimensional (2D) models. This has led to a
better understanding of the pathophysiology of in-stent restenosis
(ISR), and a hypothesis as to why the neointima formation starts,
why the rate of formation correlates with injury score, and why it
stops. However, a better representation of the vessel in three
dimensions (3D) is necessary to accurately compare the in silico
growth trends with histology and to be able to take into account
more complex flow features in three dimensions, e.g. due to
curvature of the vessel. Despite the importance of the work done
with the two dimensional model, which is relatively easier to
implement and much faster to simulate the dynamics of ISR, a 3D
multiscale model is expected to be much more predictive and
accurate in terms of computing the flow in realistic geometries
and resembles closely to the in vivo stented vessels. The
predictive power of a 3D ISR model can be used to determine the
effects of commercially available stent designs towards the
growth of ISR and may further be extended to incorporate animal
or patient specific geometries as an initial condition to simulate
ISR. Simulating ISR in animal specific or patient specific
geometries will allow us to better capture the hemodynamics of
blood flow in curved vessels. However, this has not been done yet
and there is still a long way to go. To date, an idealized 3D multi
scale ISR model has already been developed [59,91]. This 3D
model includes all the improvements and modifications that have
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already been tested and published using the ISR2D model. This
chapter will provide a short introduction to the 3D ISR model and
will present some of the dynamical growth curves obtained in the
presence of a functional endothelium. A much more detailed set
of publications on the 3D model and results obtained with it are in
preparation.

6.1 3D ISR Model

A 3D multi-scale model of ISR including blood flow and a tissue
model (SMC) has been developed. A simplified geometry of a
BiodivYsio stent was deployed in a cylindrical 3D vessel. The
vessel wall is composed of three layers: internal elastic lamina
(IEL), smooth muscle cells (SMC) and external elastic lamina
(EEL). The stent deployment creates stretch on the IEL or causes
a rupture of the IEL layer depending upon the deployment depth
of the stent. This stretched or ruptured IEL then allows the
underneath SMCs to become synthetic and proliferate. For the
results presented in this chapter, a cylindrical vessel with a length
of 4.5 mm is created and then a 3.5 mm long stent is deployed in
the middle of the vessel, leaving 0.5 mm un-stented segment on
both sides (proximal and distal) of the vessel. The lumen
diameter prior to stenting and vessel wall thickness is set at 1.8
mm and 0.2 mm respectively. Figure 6.1 shows the benchmark
3D stented vessel. The MUSCLE library [45,46] was used to
couple the blood flow and SMC model. During stent deployment, a
complete endothelium denudation is assumed. The condition of
the IEL (stretched or ruptured) is varied between different
simulations.

6.1.1 Blood Flow
The steady state blood flow inside an idealised stented 3D
cylinder is modelled using a standard BGK Lattice Boltzmann
Method. The public domain Lattice Boltzmann Library PALABOS
(www.palabos.org) was used to simulate the blood flow dynamics
inside the vessel considering blood as a homogenous, Newtonian,
in-compressible fluid. The vessel domain was discretised into a
regular lattice grid with a grid size of 15 µm. We used the most
common D3Q19 model to simulate the flow along with the
periodic boundary conditions at the inlet and outlet. A bounce
back boundary condition was employed at the flow boundaries.
The wall shear stress (WSS) distribution on each cell is computed
and this information is then passed to the SMC model where cells
can grow and proliferate based on the shear stress levels. In case
of presence of a regenerated endothelial layer, wall shear stress
magnitudes are used to produce nitric oxide (NO), which will
eventually allow or inhibit cell growth and proliferation, using the
model as described in chapter 3.
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Figure 6.1: A 3D stented vessel. Stent (brown), SMC (blue), IEL (sky
blue) and EEL (red) are shown.

6.1.2 SMC Model
The 3D tissue model is based on the agent based method similar
to the one applied in the ISR2D, however the potential function
used in the 3D model to obtain the intercellular forces is modified
to represent a more realistic hyperelastic arterial tissue. An agent,
which is identified by a set of state-variables such as position,
radius, biological state, and structural stress, represents each
single cell. Each SMC agent evolves in time according to its
current state, and to the states of neighbouring cells. Each time
step involves a physical solver, simulating the structural dynamics
of the cells, and a biological solver, which simulates the cell cycle,
according to a biological rule set.
Physical Solver: From a structural point of view, 3D cells are
represented by an off-lattice model. The model characterises
these cells as spheres and the structural state of the cell
ensemble is entirely determined by the position and radii of the
cells. Interactions between neighbouring cells give rise to forces,
which alter the cells' positions, thus deforming the tissue. If 𝑟! is
the position of the k-th cell centre and 𝐹!" denotes the force on
cell i due to cell j, the force is assumed on the direction of the
vector connecting the cells, which means:
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𝐹!" = 𝐹!"

𝑟! − 𝑟!
𝑟! − 𝑟!

The total force on cell i is given by 𝐹! = ! 𝐹!" , where cell i is
affected by force contributions from all its neighbouring cells j.
Two cells are neighbours if they either overlap or are separated
by less than a given distance. Cells that overlap are assumed to
be in contact, and as such they experience a repulsive force. On
the other hand, cells that become separated experience an
attractive force. The degree of repulsion or attraction is governed
by the amount of overlap or separation. Then the movement of
cells is solved by means of an over-damped version of Newton’s
second law of motion,

𝛾

𝑑𝑟!
= 𝐹!
𝑑𝑡

Where 𝛾 is a damping coefficient. This overdamped formulation
prevents cells from oscillation following a repulsive force when
they come close together and an attractive one when they
separate from each other. Instead, they slowly go to their
equilibrium position.
A few off-lattice models are compared in [161], where the
qualitative large-scale behaviour of the cell ensemble does not
change on varying the exact form of the interaction law, although
there can be problems with stability if the repulsion is not strong
enough as cells approach each other, leading to an “implosion”.
One could then think that the choice of the interaction force is not
relevant, as long as it shows a repulsive profile if cells are too
close and an attractive profile for detached but neighbouring cells
and parameters are chosen with enough care in order not to allow
the aforementioned “implosion”. However, all of the models
considered in [161] are only suited for small strains. If we take
for example Hertz's theory of elastic contact, which assumes
linear elasticity and infinitesimal strains, we can see in [162] that
a systematic underestimation of the normal force by the Hertz
model is observed on the normal contact of soft elastic spheres if
finite strains are considered. The error arising was found to
increase quadratic with increase in the normal deflection.
Therefore, as arterial tissue exhibits large strains under stent
deployment, we will concentrate our efforts in improving the
repulsive force in our model.
Considering the results in [161], we will use the simplest
attractive term possible, a linear term. Whereas for the repulsive
term we will devise an extension to Hertz's theory of elastic
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contact with the aim to model more faithfully the processes of
deployment and growth. The reason why we are more careful in
modelling the repulsive term, is because it plays a much more
important role in the simulations due to both the compressive
effect caused by stent deployment and cell division and to the
overdamped formulation of Newton’s second law of motion, which
ensures that there will be no oscillation and therefore the
attractive term will not become active in cells that are initially
compressed. Hertz's theory of contact mechanics provides an
expression for the contact between two spheres:
𝐹=

4 ∗ !/! !/!
𝐸 𝑅 𝑑                                        ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (6.1)
3

Where R is the effective radius defined by 1/𝑅 = 1/𝑅1 + 1/𝑅2 ,
where R1 and R2 are the radius of each cell, d is the depth of the
!
overlap between the spheres, E* =
! with E the elastic Young
!!!

modulus and 𝑣 the Poisson ratio. Additionally, we may define
𝑎 = 𝑅𝑑 as the radius of the contact area between the two
spheres.
If we take a definition of stress and linear elastic strain as:
!

!

𝜎 = !!!                   𝜖! = ! ∗ ,
where the subscript denotes that we are using a linear elastic
strain, then
𝜖! =

4 𝑎
3𝜋 𝑅

However, as we have stated previously, arterial tissue under stent
deployment undergoes large strains and is often modelled as a
hyperelastic material [163]. That is, it exhibits a nonlinear
relationship between stress and strain without exhibiting viscous
effects. The simplest hyperelastic model is the Neo-Hookean
model which, under uniaxial tension and incompressibility
assumption behaves like:
𝜎 = 2𝐶 𝜆 − 𝜆!!                                      ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (6.2)
Where 𝜆 = 𝜖 + 1 and we have used a standard engineering
notation. In engineering notation, stresses and strains are
positive in tension and negative in compression. However, as we
are modelling exclusively compression now, we will take 𝜎 and 𝜖
to be positive in compression. We therefore redefine the stretch
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ratio as 𝜆 = 1 − 𝜖. If we then substitute (6.2) in (6.1) we find that
our Hertzian NeoHookean force is
𝐹=

8𝑎 ! 𝐶(16𝑎 ! − 36𝜋𝑎𝑅 + 27𝜋 ! 𝑅 ! )
3𝑅(4𝑎 − 3𝜋𝑅)!

To determine the value of the constant C, we use that we must
recover our definition of linear elastic strain under small strains. If
we take the limit we obtain that C=E*/6.
Expressions for other kind of hyperelastic corrections to Hertz’s
theory approximated from different hyperelastic materials such as
Ogden, Fung or Mooney-Rivlin can be easily obtained following
the same procedure. Even though a more comprehensive study is
left for future work, where different hyperelastic materials should
be compared and finite element simulations should be performed
to test whether the approximatio 𝑎 = 𝑅𝑑 is still valid under the
strains considered. Overall performance of the model, which
assumes uniaxial tension between pairs of cells, should also be
assessed. Despite the present simplifications, the model also tries
to capture anisotropicity by multiplying by a factor of 2 all the
projections of the forces along the axis of the artery, making it
more difficult to compress or stretch the artery along its axis, a
well-known feature of vessels [164].

Figure 6.2: Comparison between different models. Hertz model (Black
dashed), Neo-Hookean model (Black solid) and Hertz Neo-Hookean
extension (Grey solid).

It can be seen in the figure 6.2 that the neohookean extension of
the hertzian model yields a higher force than the linear elastic
hertzian model for the same overlap of the cells. The difference
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between the two models increases as the overlap increases. Not
only this, but if we add a quadratic term to the hertzian model,
we observe that it fits quite well with the neohookean extension,
being the coefficient of this term dependent on the radius of the
cells and the overall young modulus of the system. This is in line
with the conclusions drawn in [162] and leads us to believe in
hyperelastic extensions of the hertzian model as good candidates
to model the structural behaviour of an off-lattice model for in
stent restenosis.
A Taylor series expansion of the devised force reveals that
4
𝐹 = − 𝐸 ∗ 𝑅!/! 𝑑 !/! + 𝑂(𝑑 ! )
3
As expected, we recover the force predicted by hertz for small
displacements. Then, if we deploy our stent by expanding it in a
series of steps in which we increment its radius by a quantity dr,
if dr is sufficiently small the results obtained with the Hertz force
should tend to the ones obtained with the neohookean expansion.
This is shown in figure 6.3. Ideally, we would take an infinitely
small step size that means an infinite number of steps. As we
cannot do that we look for a method which provides us good
results in a reasonable amount of time. In this regard, the
neohookean approach provides us a very similar result to the one
that the hertzian approach provides, but with (roughly) 10 times
less computational effort (figure 6.3C and 6.3F).
One might wonder if such a model (neohookean expansion) could
be of use for other kind of off-lattice simulations of cells, even
when finite strains are not that predominant. As stated in
[165,166], accurate models of cell-cell interactions might not
show a significantly different bulk behaviour (as in [161]), but
they might be of great interest at the cell scale. Different amounts
of overlap correspond to different degrees of cell deformation, and
this may become important if cell mechanotransduction (the
influence of cell deformation on intracellular signalling) is taken
into account, as this could play a key role in the mitotic rate of a
particular cell. Thus, a different interaction law may affect the
overall growth rate of a growing cell colony, even if the bulk
mechanical response remains largely unaffected. In this regard,
we must state that the current model does not include any
adhesion force between cells, which is for example present in the
JKR model (Johnson, Kendal, Roberts) [167,168].
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Figure 6.3: Comparison of cell distribution between neohokean
extension and hertz approach during stent deployment. (A) slice showing
stent and artery before deployment. Stent is shown in yellow, IEL in pink,
SMCs in blue and EEL in black. (B) slice showing cell distribution using
neohookean extension and 100 deployment steps. (C) neohookean
extension and 1000 deployment steps. (D) slice showing cell distribution
using hertz force and 100 deployment steps. (E) hertz using 1000 steps.
(F) hertz using 10000 steps. The amount of IEL that we see in the slicing
and its location is a good tool to compare both approaches during the
deployment. It is clear from figure C & F that neohookean extension
results (IEL) compare better with the hertzian counterparts that were
simulated with a deployment step 10 times smaller. That supports the
idea of neohookean approach recovering the hertzian theory of contact
mechanics for small displacements. IEL is never broken in the slices
shown in this figure. The reason why we don't see full IEL in the slices
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(except slice A) is because the cells get displaced in the axis direction
due to the stenting.

The JKR model is based on the Hertz model as well, but it includes
an extra term to model adhesion. It should therefore be feasible
to devise a hyperelastic extension to the JKR model as well if
needed. However, if mechanotransduction is to be modelled in
detail one could also start wondering about the validity of
approximating cells as spheres.
This whole discussion of the influence of cell deformation on the
biological behaviour of the cell sets the ground for the explanation
of the biological solver in our model, which does not directly
include mechanotransductive effects, even though it takes them
into account in an indirect manner.
Biological solver: The cell cycle model consists of a discrete set
of states. A quiescent state G0, a growth state G1 and a mitotic
state S/G2/M. Progression through the cell cycle takes place at a
fixed rate, depending on the time step, culminating in mitosis (cell
division; a mother cell divides into two new daughter cells).
We model the process of growth and mitosis in the following way.
First a cell grows until it doubles its volume. Then the mother cell
returns immediately to its original volume and a daughter cell
appears. The centre of the mother and daughter cells are
randomly displaced within a certain range and the orientation of
the cells is completely random. Subsequent cell-cell interactions
due to overlapping determine the final distribution of the cells.
Even though this is only a simplified model for mitosis, one must
note that the overlap caused by the appearance of a daughter cell
will be initially big no matter what step size we use to calculate
the repulsion. In this sense, the results using the hertz force or
the neohookean extension will differ.
Cells may enter or leave an inactive phase of the cell cycle (G0)
depending on certain rules based on contact inhibition (calculated
by neighbour account). The contact inhibition rule set builds on
the work of [169,170], starting with the observation that cells in
the centre of colonies of epithelial cells (grown in a monolayer)
become quiescent due to intercellular signalling which is mediated
via cadherin cell–cell physical bonds. By implementing a contact
inhibition rule, the authors saw a good qualitative ﬁt between the
computational epithelial growth model and the in vitro culture
growth under similar conditions (with respect to calcium
concentration). In the present SMC model, the contact inhibition
rule was applied to SMCs within the vessel wall in, permitting the
maintenance of quiescence in a densely packed, uninjured intact
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vessel wall. In particular, the number of SMCs, IELs, EELs, and
obstacle agents (e.g. the stent struts) within a certain range are
computed. If the weighted sum exceeds a pre-determined
threshold, the cell is contact inhibited.
The current 3D model also includes the process of reendothelialisation. Once a functional endothelium is present, it
senses fluid shear stresses and translates it into NO. The process
of re-endothelialisation in the 3D ISR model is similar to the one
explained earlier in the chapter 3 of this thesis. The reendothelialisation time point used in the current 3D simulations is
based on the scenario of 3-23 days (refer to case-2 in Table 3.1
for more details). The cell cycle progression of the SMCs is based
on the presence of NO concentration. If the NO concentration for
a specific SMC is higher than the predefined threshold, that SMC
is forced back into the G0 quiescent stage. If the NO
concentration is lower or not present at all due to the absence of
functional endothelium, the SMC continues to progress in the cell
cycle (given the fact if it is not contact inhibited) and enters into
the G2 stage where it further divides into two daughter cells.
Once SMC enters into the G2 stage, no further rules (contact
inhibition or NO concentration) are applied.
Table 6.1: Injury scores details.

Injury
Injury 1

Injury 2

Injury 3

Injury 4

Description
Stent is deployed to a certain depth and IEL
layer is not allowed to break. Stent deployment
stretches the IEL layer and this creates fenestrae
in the IEL layer.
This implies a deeper penetration of the stent
into the tissue as compared to the stent
deployment depth used in injury 1. IEL in this
case also remains un-broken.
Stent deployment depth in this injury is similar
to the one used in injury 2. However, IEL is
broken in this injury category.
This injury includes a broken IEL but the stent
deployment depth is bigger than the one used in
injury 3.

6.1.3 Injury Scores

In order to observe the neointimal growth inside the vessel, we
deployed a stent at different deployment depths to invoke
different injury levels. These injury levels are slightly different
then the ones specified by Gunn et al. [69]. The details about the
injury scores used in the current chapter are listed in Table 6.1
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6.1.4 Distributed Multiscale Computing
From a computational point of view, every sub model of the
ISR3D multiscale model has different hardware requirements. The
blood flow solver is a highly-parallel fluid dynamics flow solver,
requiring a cluster with Infiniband interconnects; while the tissue
model is an agent based model parallelized with OpenMP,
performing best on a large SMP machine. This situation is
exacerbated when we take into account that the multiscale model
is tightly coupled, that is, it requires frequent communication
between submodels. Such a case demands distributed multiscale
computing, as was recognized by the scientific communities
behind the MAPPER project (http://www.mapper-project.eu/)
[45,171,172]. Simulating ISR until 72 days in the vessel shown in
figure 6.4 takes approximately 72 hours (3 days) where 32
processors were assigned to compute blood flow. The SMC model
was also run in parallel using 8 processors.

Figure 6.4: Neoinitmal growth inside the stented vessel at a follow-up
time point (28 days post stenting). The injury score 2 was used here as
an initial condition.

6.2 Results
Simulations were run using the initial conditions created through
injury scores details provided in Table 6.1. Figure 6.4 shows a
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snapshot of the neointimal growth inside the stented vessel at a
follow-up time point (28 days post stenting). It is quite clear from
Fig 6.4 that a huge amount of neointima is present inside the
stented area of the vessel.
In order to observe the neointimal growth response in each injury
category, we calculated the average neointimal thickness as a
function of time after stenting, see figure 6.5. It is clear from
figure 6.5 that a bigger injury results in a faster and higher
neointimal growth which resembles well with the results obtained
using the ISR2D model (chapter 2 & chapter 3) as well as the
observed ISR growth in the animal model (see chapter 2).
Moreover figure 6.5 shows that a higher neointimal growth was
observed in the case where stent deployment depth was similar
but the difference in the initial conditions was only based on the
IEL layer (un-broken - injury 2 or broken - injury 3).

Figure 6.5: Neointimal thickness over the whole vessel as a function of
time.

The 3D model is now in a production mode and we are currently
producing results in order to obtain standard deviations in the
results. We also plan to perform simulations using the actual
vessel and stent dimensions (will be taken from in vivo data) and
to compare the neointimal growth trends in the comparable
geometries. This will require huge simulation runs, and we are
currently preparing distributed multiscale computing runs coupling
the SuperMUC system in Germany with Cartesius in Amsterdam.
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This is still in progress and full detailed results will be submitted
soon for publication.

7
7. Summary and Challenges
The results highlighted in this thesis show the importance of
iterative model development in parallel with analysis and
interpretation of biological data. It is clear that the mathematical
models (presented in the previous chapters) used to model the
process of in-stent restenosis (ISR) have been able to point to
key aspects in the response for which little experimental data
exists. Considering the initial response; does ISR initially start due
to damage of the intima which activates the medial SMCs to
migrate through the IEL into the lumen where they proliferate?
Considering the final stage of the response; the appearance of a
healthy functional endothelium seems to be the key. Simulations
further suggest that the time scales at which a healthy
endothelium is established may be significant in determining if
ISR appears or not. All these hypotheses require more detailed
experimentation within either animal models or controlled ex vivo
environments. We believe that a close interplay between
mathematical modelling and new in vivo and in vitro techniques is
required to significantly improve our understanding of ISR.	
  
The dynamic model of ISR allows computation of the inhibitory
effect of drug eluting stents (DES). The use of DES has
significantly reduced the risks of ISR. However, the inhibitory
effect of drugs coated on the stent struts is associated with a

This summary is partially based on the review paper Amartruda CM, Bona-Casas
C, Keller B, Tahir H, Dubini G, Hoekstra AG, Hose DR, Lawford PV, Migliavacca F,
Narracott AJ, Gunn J. From histology and imaging data to models for in-stent
restenosis. International journal of artificial organs (IJAO), (Submitted)
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delay in the re-endothelialisation that leads to late stent
thrombosis. This is another complication associated with DES,
therefore, in the context of this thesis, we mainly focused on bare
metal stents (BMS). We demonstrated the capability of the ISR
model to simulate the effect of drug on SMC proliferation (chapter
2) which led to a slightly reduced neointimal growth rate (without
taking into account the drug effect on other cells like endothelial
cells). Additionally, very little quantitative data exists related to
inhibition of endothelial regrowth in the presence of DES. We
therefore limit the research presented in this thesis to the use of
BMS.
The current set of models are the state of the art tools developed
on the basis of in vivo and experimental data with an aim to
understand the dynamics of this complex process. However, the
accuracy of descriptions of the physics and biology of restenosis
may be improved by further model enhancements. For example,
further development of modelling at the cellular level might
include representation of inter-cellular processes. However,
caution is required in selecting targets for further model
development, as increase in complexity of such models across all
physical and biological processes is unlikely to aid understanding
of the primary determinants of restenosis.
We strongly believe that model improvement should be driven by
the availability of experimental or clinical data but also vice-versa.
Setting up new experiments should take into account hypotheses
that have been suggested and tested in mathematical models.
The key role of the stent geometrical properties (strut thickness,
shape, type of stent such as bare metal or drug eluting) and reendothelialisation are good examples. Chapter 2 in this thesis
highlights the effects of strut thickness and shape on the
neoinitmal growth. The dynamic simulations of ISR (chapter 3)
show that under different scenarios of re-endothelialisation, ISR
may or may not develop. The effect of the origin of reendothelialisation on ISR development is also explored using the
ISR2D model (chapter 4) and comparison of the in silico results
with the in vivo data suggest that the regrowth of the
endothelium from both sides alone does not seem to match with
the histology. Therefore, we propose that experiments need to be
designed that observe and study in more detail the appearance of
healthy endothelium at the site of the stent and their
functionality. This could lead to a better understanding why one
specific patient develops ISR, whereas another does not. Chapter
5 presents some preliminary results of SMCs migration in
response to the vascular injury caused by the stent. A higher
number of initial SMCs migrated from the media into the lumen
directly corresponds to a faster neointimal development. Here we
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hypothesize that the number of these migrated SMCs might
dictate how fast the neoinitma will develop. Chapter 6 shows the
state of the art 3D ISR model and also presents some of the
preliminary results. This 3D model includes all the modifications
that have already been tested and published using ISR2D model.
The translation of the current set of mathematical models to
clinical studies requires model validation in the context of human
data obtained for ISR. This requires two major steps. First, the
models should demonstrate their validity for diseased arteries, as
the porcine model system describes the response to injury in
initially healthy arteries. This requires application of both in vivo
experiments and mathematical modelling to the domain of
diseased, stenosed arteries. Next, we need sufficient human
datasets to allow calibration and validation of the mathematical
models. Only then will we be able to take the next step and apply
the mathematical models in clinical settings, as suggested above.
To conclude, this thesis has presented modelling techniques used
to describe the physics and biology of ISR. The methods
employed to model the process of ISR and the interpretation of
model outcomes in the context of porcine histological data have
been described. The use of a multi-scale approach to provide a
description of both endothelial and smooth muscle cell behaviour
during neointimal growth has been described. Comparison
between the dynamical response of ISR from simulations and the
histological porcine data has been used to propose novel
experimental questions to be addressed through further
experimentation. Despite of the inherent power of these models
to aid our understanding about the dynamics of ISR process as
well as to allow hypotheses testing, these models are limited to
healthy stented arteries. Translation of such approaches to clinical
studies for better device optimization to aid treatment planning at
the patient-specific level is still a big challenge that first requires
detailed quantitative validation of these models across a range of
levels of complexity.

Samenvatting en Uitdagingen
De voornaamste resultaten in deze proefschrift tonen het belang
van iteratieve modelontwikkeling in samenwerking met analyse
en interpretatie van biologische data. Het is evident dat de
wiskundige modellen die het proces van in-stent restenose (ISR)
modelleren (gepresenteerd in de voorgaande hoofdstukken) de
belangrijkste aspecten van de respons tonen waarvoor weinig
experimentele data bestaat. Betreffende de aanvankelijke
respons; start ISR door de initiële schade aan de intima, die de
mediale gladde spiercellen activeert tot het migreren door de
interne elastische lamina (IEL) naar de lumen waar ze
vermenigvuldigen? Betreffende de laatste fase van de response,
lijkt het verschijnen van gezond functioneel endotheel cruciaal te
zijn. Simulaties doen vermoeden dat de tijdschalen waarin een
gezond endotheel zich vormt een significante factor kan zijn voor
het verschijnen van ISR. Al deze hypotheses vereisen
gedetailleerdere
experimenten
in
dierlijke
modellen
of
gecontroleerde ex vivo omgevingen. We geloven dat er een nauw
samenspel tussen wiskundige modellen en nieuwe in vivo en in
vitro technieken nodig is om ons begrip van ISR significant te
verbeteren.
Het dynamische model van ISR maakt het berekenen van het
remmende effect van drug-eluting stents (DES) mogelijk. Het
gebruik van DES verminderde het risico op ISR significant. Het
remmende effect van een medicijnlaagje op de stent is echter
geassocieerd met een vertraging van de re-endothelisatie, wat
kan leiden tot late stenttrombose. Bovendien bestaat er weinig
kwantitatieve data over de remming van de terugkerend
endotheel in de aanwezigheid van DES. We beperken het
onderzoek in dit proefschrift dus tot bare-metal stents (BMS). We
hebben getoond dat het ISR model het effect van
vermenigvuldiging van gladde spiercellen simuleert (hoofdstuk 2),
wat leidde tot een licht verminderde groeisnelheid van de
neointima (zonder het effect van het medicijn op andere cellen
zoals de endotheelcellen in beschouwing te nemen).

Deze samenvatting is gedeeltelijk gebaseerd op het overzichtsartikel Amartruda
CM, Bona-Casas C, Keller B, Tahir H, Dubini G, Hoekstra AG, Hose DR, Lawford PV,
Migliavacca F, Narracott AJ, Gunn J. From histology and imaging data to models
for in-stent restenosis. International journal of artificial organs (IJAO),
(Ingediend).
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De huidige modellen zijn geavanceerde hulpmiddelen, ontwikkeld
op basis van in vivo en experimentele data met het doel om de
dynamica van dit complexe proces te begrijpen. Niettemin zouden
de nauwkeurigheid van de natuurkundige en biologische
beschrijvingen van restenose kunnen worden verbeterd met
aanvullende aanpassingen.
Verdere ontwikkelingen op het
cellulaire niveau zouden bijvoorbeeld intercellulaire processen
kunnen behelzen. Voorzichtigheid is geboden bij het kiezen van
verdere toevoegingen, aangezien de toename van complexiteit
van zulke modellen in zowel natuurkundige als biologische zin
waarschijnlijk geen bijdrage zal leveren aan het begrip van de
bepalende factoren van restenose.
We zijn overtuigd dat verbeteringen in een model gedreven
moeten zijn door de beschikbaarheid van experimentele of
klinische data maar ook vice versa. Bij het opzetten van nieuwe
experimenten zouden hypotheses die in wiskundige modellen
geopperd en getest zijn in acht genomen moeten worden. De
belangrijke rol van de geometrische eigenschappen van een stent,
zoals de metaaldraaddikte, de vorm, het type stent zoals BMS of
DES, en re-endothelisatie zijn goed voorbeelden. Hoofdstuk 2 van
dit proefschrift belicht het effect van de metaaldraaddikte en de
vorm van de stent. De dynamische simulaties van ISR (hoofdstuk
3) laten zien dat naar gelang de verschillende scenario’s voor reendothelisatie, ISR zich al dan niet voordoet. Het effect van de
herkomst van re-endothelisatie op ISR-ontwikkeling is ook
onderzocht met het ISR2D model (hoofdstuk 4) en een
vergelijking tussen de in silica resultaten met de in vivo data
suggereren dat groei van het endotheel vanaf beide zijkanten niet
overeenkomt met de histologie. Daarom stellen wij voor
experimenten op te zetten om, waar de stent geplaatst is, het
verschijnen van gezond endotheel waar te nemen en te
bestuderen, alsook de functie van dat endotheel. Dit kan leiden
tot een beter begrip waarom sommige patiënten ISR ontwikkelen
en anderen niet. Hoofdstuk 5 vermeldt een aantal voorlopige
resultaten van gladde-spiercelmigratie als respons op het
vasculair letsel dat de stent heeft veroorzaakt. Een groter aantal
gladde spiercellen wat zich aanvankelijk verplaatst van de media
naar de lumen komt overeen met een snellere ontwikkeling van
de neointima. Wij veronderstellen dat het aantal verplaatste
gladde spiercellen zou kunnen voorschrijven hoe snel de
neointima zich ontwikkelt. Hoofdstuk 6 toont het geavanceerde
driedimensionale ISR model en presenteert een aantal voorlopige
resultaten.
De vertaling van de huidige wiskundige modellen naar klinische
studies vereist de validatie van deze modellen met behulp van te
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verkrijgen data over menselijke ISR. Dit vereist twee grote
stappen. Ten eerste moeten de modellen hun validiteit
demonstreren
voor
zieke
slagaders,
aangezien
in
het
varkensmodelsysteem de respons op letsel in aanvankelijk
gezonde slagaders beschrijft. Dit vereist toepassing van zowel in
vivo experimenten en wiskundige modellen op het gebied van
zieke slagaders met een stenose. Ten tweede hebben we
voldoende menselijke datasets nodig om de wiskundige modellen
te kunnen valideren en kalibreren. Dan pas zullen we de volgende
stap kunnen zetten door de wiskundige modellen in kunnen zetten
in een klinische setting, zoals hierboven gesuggereerd.
Concluderend heeft dit proefschrift gepresenteerd welke
modelleertechnieken gebruikt worden om de natuurkunde en de
biologie van ISR te beschrijven. Ook beschrijft het de methoden
die gebruikt zijn om het proces van ISR te modelleren en de
interpretatie van de uitkomsten van het model, betreffende de
histologische data van varkens. De multischaal aanpak, die het
gedrag van het endotheel en de gladde spiercellen gedurende de
groei van de neointima beschrijft, is toegelicht. De dynamische
respons van ISR verkregen uit simulaties en de histologische data
van varkens zijn vergeleken om verdere experimenten voor te
stellen. Ondanks de inherente kracht van deze modellen om onze
begrip van het proces ISR te verbeteren en hypotheses te testen,
zijn de modellen gelimiteerd tot gezonde slagaders met stent. De
vertaling van onze aanpak naar klinische studies, gericht op het
optimaliseren
van
apparaten
die
patiënt-specifieke
behandelplannen ondersteunen, is nog een grote uitdaging die
vooraleerst een gedetailleerde kwantitatieve validatie van de
modellen vereist, op verschillende niveaus van complexiteit.
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