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Abstract

Ischaemic heart disease, causing restriction of arterial blood flow to the
heart tissue, can be treated with mechanical revascularisation treatments
such as balloon angioplasty and stent implantation. One remaining limi-
tation to the success of these treatments is the re-blockage of the treated
artery, termed restenosis. The paradigm of re-blockage as the tissue’s re-
sponse to injury has been proposed to explain restenosis in stents and cor-
roborated with pathological studies. This paradigm has never been used
to form the basis of a predictive theoretical model of restenosis. In this
thesis, the hypothesis that mechanically-induced injury stimulates resteno-
sis is tested by developing a simulation technique based on this paradigm.
The model explicitly simulates the response of individual cells to injury-
induced inflammation.

A model based on a vessel-wall stress threshold for injury and smooth
muscle cell phenotype modulation was developed and tested by applying it
to two stents known to induce differing amounts of restenosis in vivo. The
model predicted similar differences between stents, but only when a low-
level inflammation response was prescribed, demonstrating the importance
of inflammation on restenosis prediction.

The algorithms for injury prediction, inflammation and smooth muscle
cell phenotype were then refined in a two dimensional model. The new
simulation procedure was capable of being calibrated to human balloon
angioplasty data, and predicted a correlation between stent expansion and
restenosis. Inflammation intensity was found to increase this correlation.

The refined model was then re-implemented in three dimensions, and
tested on three clinically-available coronary stents of differing design. The
model predicted a relative difference between stents similar to that found
in clinical trials.

These results corroborate the paradigm that neointimal hyperplasia
is injury-induced. The technique can differentiate between stent designs
based on a prediction of long-term lumen geometry, rather than solely on
a mechanical analysis. The technique could be applied to novel revascu-
larisation treatments and device designs.
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Introduction
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1.3 Objectives of the Thesis . . . . . . . . . . . . . 6

Cardiovascular disease is responsible for 4.3 million deaths in the EU,

and 48 % of deaths in Europe every year, with a total healthcare cost of

e110 billion in 2006 (Allender et al., 2008). In Ireland, cardiovascular dis-

ease was responsible for 35 % of deaths in 2006 (Central Statistics Office

of Ireland, 2006). Half of these deaths are as a result of ischaemic heart

disease, characterised by a restriction of blood flow to the heart muscle

tissue, which can result in myocardial infarction. The removal of the re-

striction to blood flow can help prevent ischaemia, treat it when it occurs,

and extend longevity.

Mechanical dilatation of the arterial tissue from within the arteries is
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Figure 1.1: Schematic diagram of percutaneous transluminal coronary
angioplasty (PTCA). From http://www.virchicago.com/peripheral-artery-
disease.htm

routinely used to permanently deform the plaques that cause the restriction

of blood flow. Percutaneous translumenal coronary angioplasty (PTCA),

for example, is performed by inflating a balloon mounted on a catheter

at the occlusion site, deforming the plaque tissue against the arterial wall

(Fig. 1.1).

These procedures induce mechanical forces in the arterial tissue, which

provoke a growth and remodelling adaptive response. This mechanobi-

ological response can give rise to a re-blockage of the artery, which is

termed restenosis. A major contributor to restenosis is the production of

new cellular tissue within the artery by smooth muscle cells (SMC), which

reside in the artery wall. This growth response is called neointimal hyper-

plasia, and it leads to a compromise in treatment where the increase in

post-procedural lumen size must be balanced with the stimulus to cause
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restenosis. In order to engineer optimal long-term outcomes of any biome-

chanical procedure performed on arterial tissue, it is critical to have an

understanding of the mechanobiology of the process, and a model capable

of predicting the tissue growth response.

1.1 Mechanobiology of Arterial Tissue

The growth of tissue within the vessel lumen (neointimal hyperplasia) is

brought about by the actions of smooth muscle cells (SMCs), the main cell

type populating the vessel wall, which produce and maintain the extra-

cellular components of the vessel wall. The phenotype of SMCs can vary

from quiescent, with very little tissue turnover, to synthetic, with a large

amount of tissue production. The regulation mechanism behind pheno-

type modulation is not yet fully understood, but biophysical stimuli may

play a direct role in regulating SMC behaviour through stretch-activated

ion channels and other mechanotransduction pathways (Humphrey, 2008).

There is significant evidence to suggest that SMC phenotype is also regu-

lated substantially by the chemical composition of the extracellular matrix

surrounding the cell (Thyberg et al., 1990), rather than solely by the me-

chanical stress it experiences. The extracellular environment is altered by

mechanical forces through injury and inflammation. During this process,

inflammatory cells are recruited to injured or damages tissue, which re-

sorb the damaged tissue and stimulate tissue repair. Inflammation, when

brought about by mechanically-induced injury, could play a key role in

linking the mechanical perturbation to the restenotic response of arterial
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tissue, and has been proposed as a key stimulus for restenosis (Schulz

et al., 2000; Gunn et al., 2002; Dean et al., 2005). In this respect, the

mechanobiology of arterial tissue is considered to be a complex process of

tissue alteration through SMC activity and mechanically-induced inflam-

mation.

1.2 Mechanobiological Models

Mechanobiological models are used to relate the mechanical stimuli in-

duced in a tissue to the biological responses of the tissue. Biological sys-

tems such as arterial tissue are hierarchical and made up of many interact-

ing components. Interactions and dynamics can be seen at length scales

from the molecular level to the whole organism level, and over time-courses

from seconds to years (Merks and Glazier, 2005). At the highest levels,

models take the form of phenomenological, mathematical constructs, which

seek to predict the experimental data in a statistical sense, with no underly-

ing mechanisms (Peck, 2004). Early mechanobiological models represented

tissue adaptation as a system striving to achieve a homeostatic mechanical

state by altering its geometry (growth/resorption) or material properties

(stiffness, porosity, etc.). This concept has been successfully applied to

bone remodelling (Cowin and Hegedus, 1976; Huiskes et al., 1987) and ar-

terial remodelling (Alastrué et al., 2008; Kuhl et al., 2003; Rachev et al.,

2000). Alastrué et al. (2008) assumed a homeostatic value of circumferen-

tial stress, and an adaptive response whereby a deviation from this stress

induced a growth in the radial direction. Rachev et al. (2000) included an
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axial component to the stress response when modelling the adaptation of

stent grafts. Lally and Prendergast (2006) introduced a model in which

tissue growth was a function of damage, calculated using a remaining life

approach. However, it could not capture the fact that some patients do not

develop restenosis, and that neointimal growth can stop or reduce. These

phenomenological modelling approaches hide the complexities of the link

between stress and arterial wall remodelling. This can lead to a lack of

generality, where the model needs to be recalibrated to each new situation,

making it difficult to correlate new experimental data, and signifies a low

predictive power.

While the phenomenological approach proved useful in physics, it be-

comes much more complex in biology, where the organ-level behaviour is

a product of many smaller interacting components, and in fact may be

impossible. Lander (2004) has written that

there is little reason to expect to discern fundamental laws in

[large, complex networks of elements]. To do so would be like

expecting to discern the fundamental laws of electromagnetism

in the output of a personal computer.

Rather it is better to represent the system using a simulation, a discrete

dynamical system, which is made up of smaller interacting components

(Prendergast et al., 2010). In this way, simulations can go further than

phenomenological, statistical models aiming to fit to data, becoming an

analogue for the in vivo situation, one which is more amenable to explo-

ration. The complexity of tissue mechanoregulation led to the explicit
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inclusion of cell activity in mechanobiology, where cell behaviours such as

proliferation, differentiation and migration were modelled with differential

equations (Bailón-Plaza and van der Meulen, 2003; Lacroix et al., 2002),

or where cell activity was indirectly modelled through evolution equations

(Zohdi et al., 2004; Ruimerman et al., 2005). Cells present an ideal level of

abstraction (Merks and Glazier, 2005) as we have a wealth of information

on their behaviour and they are physically discrete, making them ideal for

computational simulation.

1.3 Objectives of the Thesis

In this study it is hypothesised that arterial tissue is mechanoregulated

by biophysical stimuli. Specifically, it is hypothesised that mechanically

induced injury stimulates neointimal hyperplasia of arterial tissue, and that

the growth of neointima can be simulated by accounting for the response

of cells within the tissue to extracellular inflammatory factors released due

to tissue injury.

It is further hypothesised that the level of inflammation response to

a given injury (which varies considerably within a population) affects the

correlation between injury and neointima quantity.

This leads to the objectives of the thesis:

• To develop a model of the injury-driven response of arterial tissue

• To test if such a model produces biologically realistic results, and

under what circumstances
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• To quantify the effect of inflammation on the prediction of neointima

formation

• To apply the model to clinically available stents, in order to eval-

uate the ability of the method for predicting long-term treatment

outcomes.

If the aims of this thesis are met, the simulation technique can be

used to study the design of stents with respect to long-term restenosis

rates. The technique provides the flexibility to incorporate new biological

phenomena, such as drug-eluting devices, and has the capacity to account

for inter-patient variability in tissue response. This could provide a pre-

clinical technique to model stent performance which would be cost and

time-effective, and reduce the need for animal testing.
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2.1 Biology of Restenosis

2.1.1 Structure of the Artery

Arteries are composed of three distinct concentric layers, the intima, media

and adventitia (Holzapfel et al., 2000). The intima is the innermost layer

and consists of a mono-layer of endothelial cells covering a basal membrane.

The intima in healthy arteries is usually superficial, but can thicken with

age and disease to become mechanically important (Holzapfel et al., 2005).

The media is the most structurally significant layer, and consists of a net-

work of smooth muscle cells, elastin and collagen, arranged in helical fibre

structures (Fig. 2.1). The outermost layer, the adventitia, consists of con-

nective tissue and fibroblasts. The media is separated from the intima and

the adventitia by the internal and external elastic laminae, respectively.

The endothelium is a key regulator of underlying tissue form and function.

It provides an anti-thrombogenic barrier between the tissue and circulating

cells and growth-promoting factors, and it can both inhibit and stimulate

smooth muscle proliferation and extracellular matrix turnover (Kipshidze

et al., 2004). The behaviour of the endothelium is in turn regulated by

hemodynamically-induced shear stress, with turbulent or low-flow regimes

inducing dysfunction (Wentzel et al., 2001; Esper et al., 2006).

2.1.2 Atherosclerosis

Atherosclerosis is characterised as the focal thickening of the intima, block-

ing blood flow through the artery (Hansson, 2005). It is caused by the
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Figure 2.1: The structure and composition of muscular arteries. The artery
is composed of three layers: the intima, the media and the adventitia. The
arterial tissue is composed of elastin and collagen fibres, organised in helical
structures. From Holzapfel et al. (2000).
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build-up of fatty streaks in the intima, leading to growth of a lesion con-

sisting of cells (macrophages and smooth muscle cells), fibrous tissue and

lipids. The pathology of atherosclerosis is not fully understood, but lo-

calised injury or unfavourable haemodynamic forces is thought to induce

endothelial dysfunction, which reduces its effectiveness as a selective bar-

rier to the underlying intima and stimulates lesion growth. This may lead

to stenosis, where the arterial blood flow is restricted, leading to angina,

myocardial infarction, or stroke.

2.1.3 Damage and Injury

Stent placement alters the mechanical environment in the artery. Upon

expansion of the stent, the endothelium becomes denuded within the stent

region, exposing the underlying tissue and producing a thrombogenic sur-

face. The stresses within the arterial wall are altered, tissue is stretched

circumferentially and compressed radially beneath the stent struts, and

rupture of the laminae and/or the media can occur. Tearing and stretch

have been shown to correlate to neointima development (Kornowski et al.,

1998; Gunn et al., 2002). A wound healing response is initialised in re-

sponse to this injury (Scott, 2006), and SMCs may become apoptotic or

necrotic. Lindner and Reidy (1991) showed that inhibiting bFGF (basic

fibroblast growth factor, a growth factor released by dead SMCs) signifi-

cantly reduced SMC proliferation after injury, suggesting that cell death

could be a mechanism by which the tissue reacts. Liu et al. (2002) showed

that exposing vein grafts to arterial flow produced excessive stretch and
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cell death. They also showed that restricting the stretch of the graft with

a sheath reduced cell death and subsequent restenosis. Cellular prolifera-

tion positively correlated with ruptured internal elastic lamina and medial

tearing in a pig carotid model of balloon angioplasty (Groves et al., 1995).

Fingerle et al. (1990) showed that a much higher restenotic response was

found after balloon injury than after gentle endothelial denudation, in-

dicating the relative importance of endothelial denudation versus tissue

injury.

2.1.4 Inflammation

Inflammation plays a key role in the restenotic response of arteries to

injury (Libby et al., 1992; Welt and Rogers, 2002). It is usually a ben-

eficial process, which aims to remove damaged or injured tissue through

the degradation actions of inflammatory cells, and stimulation of repair

through the activation and proliferation of tissue-depositing cells. How-

ever, what begins as a healing process can become detrimental, triggering

an over-zealous healing response (Davis et al., 2003). Rogers et al. (1996)

showed that the number of monocytes at injury sites in a rabbit model

correlated well with the amount of neointima produced. Kornowski et al.

(1998) showed in a porcine model that the amount of inflammation (mea-

sured by an inflammation score) correlated with both injury (through an

injury score) and neointimal area, a finding later found in humans (Farb

et al., 2002). Welt et al. (2003) found that MCP-1, a key marker of inflam-

mation, measured in the bloodstream of patients, was significantly elevated
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Figure 2.2: Measurement of plasma MCP-1 concentrations in patients be-
fore (control) and after balloon angioplasty. The data is split into patients
who developed restenosis, and those who did not. From Cipollone et al.
(2001)

immediately after injury in both balloon angioplasty and stent patients,

while MCP-1 levels remained present long-term only in the stent model.

Cipollone et al. (2001) further showed that stent patients who went on to

develop restenosis had significantly higher levels of MCP-1, both at the

initial time of stenting and longer-term (Fig. 2.2). Finally, Kuhel (2002)

showed evidence from a murine model that suggested a genetic determi-

nant to injury response, where specific genotypes produced very different

amounts of neointima formation to the same injury, demonstrating the

importance of accounting for genetic variability in inflammatory response

when making predictions.
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2.1.5 SMC behaviour

The smooth muscle cell (SMC) is the sole cell type to occur in the healthy

medial layer of adult mammalian arteries (Thyberg, 1996). During devel-

opment, SMCs are proliferative and secretory, helping to form the develop-

ing vessels while, in the healthy adult, SMCs express a contractile pheno-

type (Thyberg, 1996). This phenotype is characterised by the presence of

smooth muscle alpha actin filaments, the ability to actively contract, and a

minimal amount of synthesis. Upon injury, and in restenotic lesions, cells

revert to a more synthetic phenotype, characterised by a large volume of

endoplasmic reticulum and Golgi complex (Thyberg, 1996). In this pheno-

type, cells do not contract, and express increased amounts of extracellular

components such as collagen, elastin and proteoglycans, which constitute

much of the non-cell volume of neointima.

SMCs in vitro have been shown to express a contractile phenotype when

seeded on a laminin substrate, while expressing a synthetic phenotype on

fibronectin (Hedin et al., 1988; Hayward et al., 1995; Hirst et al., 2000).

These studies lead to the theory that extracellular matrix constituents

plays a major role in regulating SMC phenotype. This was further corrob-

orated in vivo, where Thyberg et al. (1997) found a correlation between

the phenotypes in various parts of the arterial wall before and after injury,

and the extracellular constituents.

SMC proliferation is an important component of neointima develop-

ment. While phenotype modulation is important for this process, it is not

sufficient to induce SMC proliferation (Chamley-Campbell et al., 1981).
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This requires exogeneous growth factors from a diverse array of sources

such as the dysfunctional endothelium, dead SMCs, platelets, macrophages,

leukocytes and other active SMCs (see Thyberg et al. (1990); Welt and

Rogers (2002) and the references therein). These growth stimuli are ex-

pressed locally at the sites of damage/injury, and are short-lived so that

cellular proliferation is regulated by the level of inflammatory activity.

Cell migration is a critical step in neointimal formation, allowing cells

to populate new regions, and grow the tissue boundary (Casscells, 1992).

The amount of tissue degradation may effect the motility of cells; (Zempo

et al., 1996) and Bendeck et al. (1994) showed that medial SMC migra-

tion was reduced in a balloon-injured rat carotid artery when MMP syn-

thesis was inhibited. DiMilla et al. (1993) showed that SMC migration

was dependent on the surface density of extracellular proteins (fibronectin

and collagen), and that an intermediate concentration induced maximal

migration rates. These studies show the importance of modelling SMC

migration, and in modelling the effects of the extracellular environment on

migration behaviour.

2.1.6 Role of the endothelium

The healthy endothelium acts as an anti-thrombogenic barrier between

the blood flow and the underlying vascular tissue (Esper et al., 2006). The

ECs regulate the behaviour of SMCs by altering the amount of infiltra-

tion of inflammatory cells, and by directly expressing growth-promoting or

growth-inhibiting factors. The dysfunction of endothelium may be brought
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about by mechanical injury or alteration in blood flow. The endothelium

may also become completely or partially denuded during stent implan-

tations (Kipshidze et al., 2004). The level of endothelial dysfunction has

been shown to correlate with the amount of restenosis produced (Kipshidze

et al., 2004; Thanyasiri et al., 2007).

2.2 Stent Design Considerations

Revascularisation is a procedure to restore the patency of occluded ves-

sels by forcing the blockage open. Stents are devices designed to be im-

planted within the occluded artery to maintain the patency of the artery

after revascularisation. The first stent to be regularly used in practice was

the Palmaz, which was a mesh of interconnected struts made by cutting

rectangular cells in a stainless steel tube. The stent was mounted on a

balloon and catheter and positioned in the occluded artery. The balloon

was expanded under high pressure, expanding the stent, which underwent

plastic deformation and remained expanded after the balloon has been de-

flated. Over the last two decades, many diverse stent designs have been

accepted into clinical practice. These designs differ in their manufacturing

technique (laser cut from a tube, wire, etched), their strut configurations

(open-cell, with less strut links than closed-cell), and expansion methods

(balloon expansion, self-expanding nitinol stents) (Lally et al., 2006). The

main aim in stent design is to achieve adequate patency, while minimising

the restenotic response. This requires a stent with good radial strength to

resist recoil, flexibility to conform to tortuous arteries, and trackability and
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a low crimped profile for ease of placement (Kandzari et al., 2002). Stent

design has been improving (Blackledge and Squire, 2009), but restenosis

remains a problem, and this problem will increase as stents are used to

treat more high risk lesions.

2.3 Pre-clinical methods of stent evaluation

Animal experiments trials have explored the effects of geometric param-

eters such as stent length, strut configuration, and diameter, as well as

material type and expansion method on the degree of restenosis produced

(Morton et al., 2004; Garasic et al., 2000). Clinical trials have compared

restenosis between stent designs, identifying the best performing stents rel-

ative to the original Palmaz stent (Hoffmann et al., 2002; Kastrati et al.,

2001) (Fig. 2.3). However, it is difficult to extract general principles of

device design from these specific comparisons because the link between

stent design parameters and degree of restenosis is indirect and complex

(Evans et al., 2008); it is a function of injury, inflammation and stochas-

tic cell behaviour. The biological environment present in healthy, or even

disease-model, animals may not provoke the same adaptive reactions as

aged human patients, and the results of pre-clinical trials may be specific

to that environment. Finite element analysis can quantify the mechan-

ical perturbation imparted on the artery by stenting and has been used

to compare stent designs in terms of tissue prolapse (Prendergast et al.,

2003), vessel wall stresses (Migliavacca et al., 2002; Lally et al., 2005) and

altered haemodynamics (Duraiswamy et al., 2007). However, these studies

18



Figure 2.3: Neointima cross-sectional area along the axis of three stents
measured six months after stent placement in a clinical trial (Hoffmann
et al., 2001). The trial showed that the open cell design (’MultiLink’, dia-
monds) outperformed the slotted-tube (’Palmaz’, triangles), which outper-
formed the closed-cell design (’InFlow’, circles) on average. The variation
was large in all stent types.

only supply the initial (i.e. the direct post-intervention) conditions to any

adaptive response. In order to accurately predict the long-term efficacy

of mechanical treatments, we need a model of the relationship between

biophysical stimuli and neointimal growth.

2.4 Mechanobiological models of restenosis

Rachev et al. (2000) took the first steps in modelling the link between stent

induced deformations and tissue growth, relating the amount of neointi-

mal growth directly to the vessel wall stresses induced by the stent. The

growth of neointima, modelled as an increase in the thickness of the vessel

wall, was then regulated by the deviation from the homeostatic stress state.

This model could not be applied to short-duration procedures, such as bal-
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loon angioplasty, and was phenomenological. An attempt was not made

to corroborate this model with experimental data. Lally and Prendergast

(2006) associated the mechanical stress with injury using fatigue damage

curves, and related this to tissue in-growth via diffusion. Although these

approaches constituted the first steps, the complex dynamics of lesion for-

mation could not be adequately included in either method, limiting their

applicability.

One method to account for cellular behaviour is to use a lattice-based

modelling approach, where lattice points represent possible positions for

individual cells. Lattice-based modelling provides a technique to model

tissue-level phenomena based on the behaviour of individual cells (Merks

and Glazier, 2005; Simpson et al., 2007). Rules governing cell behaviour

are formulated based on experimental observation, providing a descriptive

model of an individual cell. Tissue-level behaviour may then be modelled

by simulating many of these single-cell models simultaneously. Preliminary

results from the COAST project (www.complex-automata.org) have shown

the potential power of a multi-scale, multi-physics model of restenosis de-

velopment (Caiazzo et al., 2009). In that study, blood flow, structural

stress and diffusion from a stent were simulated and combined with an

agent-based model of smooth muscle cell behaviour in 2D. This model as-

sumed that SMC proliferation was governed by local fluid flow, structural

stress and drug concentration.
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2.5 Agent-based cell-centred modelling

The agent based modelling paradigm aims to represent a complex system

as a network of interacting agents, each of which can be represented with

a simpler model. Merks and Glazier (2005) describes the steps to take in

designing biological simulations using this technique:

1. Infer biological behaviours from experimental studies. Build up a

description of the behaviour of cells under a range of external condi-

tions, and try to infer the general behaviour of cells, for example: is

the proliferation nutrient-limited or exponential? Do the cells reach

senescence after a certain number of mitoses? This method can be

seen as the traditional reductionist paradigm of breaking up the sys-

tem into simpler components, but the cell is selected as the key level

of activity.

2. Obtain data on key cell behaviours. Once the behaviours are identi-

fied, attempt to quantify the relationships/thresholds and responses

of the cells. Identify the behaviours thought to be essential to the

response, and accumulate data on these.

3. Develop a single cell model. Based on the behaviours found, and

the quantified data, develop a model of a single cell which behaves

according to these experimentally observed situations.

4. Combine cells to produce a multi-cellular simulation. It is only at

this time that the model has any predictive potential. At this stage,

simulations mimicking real experiments can be developed.
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5. Compare the predictions of the models to experimental observations,

applying them to a variety of situations.

If the model does not match up to experimental observation:

1. Return to experiments which informed the model, try to find some

missing information (as in the traditional iterative approach to model

building), or,

2. Study the effects of other parameter combinations in a high-throughput

parameter study to find if the model behaves realistically under any

parameter values, and if so, what this means for predictions

If the model does match up to experimental observation:

1. Make further predictions in new applications

2. Find out what happens when specific components are suppressed,

particularly if there exists a method to knock-out the behaviour in

vivo. This would not be possible using a phenomenological model.

There have been many different methods used to simulate biological

systems at the cell level. Cellular automata models use a regular, orthogo-

nal lattice at which state variables are defined, which represent cells. The

automaton updates according to rules based on the environment around

the cell, and all positions are updated simultaneously. Cellular Potts Mod-

els are also lattice based, and were originally developed for annealing phe-

nomena in metals (Alber et al., 2002). In this case, the cells occupy several

lattice points, and the model progresses stochastically towards some energy
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minimisation. Off-lattice methods represent cells using some positional

and morphology function, such as a sphere, while defining mechanical and

biophysical interactions between bodies. These agent based models share

some common characteristics, as has been summarised by Moreira and

Deutsch (2002):

1. Spatial representation: In traditional engineering approaches, a con-

tinuum assumption is used to describe space, where a variable (such

as cell concetration) is assumed to be defined at every point in space;

cell morphology or the structure of cell aggregates are not repre-

sented. In the cellular automata approach, a representation of dis-

crete cells is introduced, whereby one cell only can occupy a lattice

site, thereby introducing an excluded volume (Drasdo, 2005), that is,

a maximum concentration of cells in a region. In the cellular potts

method (Glazier and Graner, 1993), cell morphology is represented

by a collection of lattice points, allowing size and shape fluctuations

to be modelled. Off-lattice methods have used spheroidal cell shapes

(Drasdo, 2005), where the cell centre and radius defines the morphol-

ogy. This allows more interaction behaviours, such as adhesion and

physical growth stresses to be included.

2. States: The state variables such as cell phenotype, can be discrete,

as is the case for strict cellular automata, or a continuous function

based on mathematical rules (Moreira and Deutsch, 2002). Pérez and

Prendergast (2007) used discrete cell states to represent cell pheno-

type in skeletal development, where mesenchymal stem cells commit
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to diverse lineages, with no de-differentiation (return to stem cell

phenotype) or trans-differentiation (change to another lineage). In

other cases, here in particular for smooth muscle cells, cell pheno-

type exists on a continuum between extremes (e.g. from contractile

to synthetic).

3. Dynamics: (or updating procedure). In strict cellular automata, the

updating is synchronous, i.e. all sites are updated in every increment.

The Monte-Carlo method of simulation may also be used, where

only one lattice point, chosen at random, is updated per increment

(Drasdo, 2005). In off-lattice methods, each cell is operated upon

either sequentially (asynchronous) or in parallel.

4. Rules and behavioural models: These rules/models dictate the up-

dating procedure of the simulation. All agent-based models have

the property that rules are local, i.e. based on stimuli in the local-

ity of the cells, but rules may be either homogeneous (in which case

rules are the same at every point - as in a strict cellular automa-

ton), or heterogeneous (as, for example in some early tumour growth

models (Moreira and Deutsch, 2002)). Rules can be implemented

as discrete, Boolean statements (Pérez and Prendergast, 2007; Mor-

eira and Deutsch, 2002), where cells change discrete states based on

Boolean rule sets, or can be implemented as an energy function which

tends towards an equilibrium value stochastically in a Monte Carlo

simulation (Glazier and Graner, 1993).
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2.6 Cell Behaviour Algorithms

The modelling of tissue mechanobiology can be performed by producing

simulations composed of independent algorithms for cellular behaviour. In

this way, the simulations represent a surrogate for the natural system, and

do not have a predefined start or finish. The initial state of the simulation

domain is prescribed, and the algorithms are performed in an iterative pro-

cess until a pre-defined end time-point is reached. Each of the algorithms

can be seen as isolated modules, and are procedures for directing cellular

behaviours (Proliferate, Migrate, Modulate Phenotype, etc.) based on ex-

ternal stimuli (growth factors, extracellular matrix, mechanical stimuli).

Algorithms differ from simulations in that they have a well defined begin-

ning (inputs) and end (outputs). They are strictly deterministic, although

stochastic behaviour can be modelled by providing a random number as

an input. The effects of algorithms are changes in cell states (e.g. cell

phenotype, age, new cells, cell death and cell position). The inputs of cell

algorithms include the number of cell neighbours, growth stimulus concen-

tration, mechanical stimuli, etc. The algorithm can change between dis-

crete cell states, using stimuli thresholds or Boolean statements, or can be

based on continuous mathematical functions. These individual algorithms

may be then isolated and validated against experiments independently of

the simulation level.
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Proliferation

The flux of the number of cells within a region of adapting tissue is a

key component of many biological phenomena, such as tumour growth,

tissue differentiation and neointima development in arteries. At the cell

level, cells are created when existing cells double in size, and split into two

daughter cells. Assuming a constant proliferation rate, this would produce

the reaction: [N ]
k→ 2[N ], where N is the number of cells, and k is the

proliferation rate, producing the equation

dN

dt
= kN (2.1)

This produces exponential growth, N = N0e
kt, which is unrealistic as

there is a limit to cellular proliferation imposed due to space constraint,

senescence and nutrient scarcity. The logistic growth model postulates a

carrying capacity, which limits the density of cells to a constant K. In

this case, the growth can be modelled using the Fisher equation (Simpson

et al., 2007),

dN

dt
= λN

(

1− N

K

)

(2.2)

This limits the concentration of cells to a prescribed quantity. A simi-

lar phenomenological relationship (the Gompertz curve) was explored in

a cellular automaton model of tumour growth (Kansal et al., 2000). In

this case, the rules governing proliferation were altered depending on the

position within the tumour, i.e. inhomogeneous, and the approach is there-

fore of limited use for predicting growth of realistic cell populations. The
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lattice-based strict cellular automaton method (Pérez and Prendergast,

2007) allows for a type of proliferation control, as each lattice point can

occupy only one cell. This produces an ‘excluded volume’, whereby cells

themselves produce a barrier to cellular proliferation (Drasdo, 2005), thus

simulating contact inhibition, where the presence of neighbours leads to

cellular quiescence. This type of modelling has helped show the importance

of modelling cells when considering pattern formation and the effect of cell

density (Zygourakis et al., 1991). However, when simulating dense aggre-

gates of cells, this model implies that only the outer cells of an aggregate

can proliferate, i.e. a proliferating layer which is one cell thick. Drasdo

(2005) developed a method for allowing a deeper proliferation depth by al-

lowing cells to proliferate into a vacant site within a specified radius greater

than the nearest neighbours. This modelled the end-result of a cell prolif-

erating and displacing neighbours. Galle et al. (2005) studied the effects

of introducing contact inhibition and cell-substrate interaction on cellu-

lar proliferation, showing that confluent monolayers could be simulated by

requiring cells to have contact with a substrate in order to proliferate.

These models, however, tend towards a saturated lattice of cells. This is

an accurate representation of some forms of multi-cellular growth, such as

the initial population of granulation tissue with stem cells (Pérez and Pren-

dergast, 2007), or tumour growth (see, for example Moreira and Deutsch

(2002)). However, some cell types and cell phenotypes only proliferate in

response to exogeneous or endogeneous stimuli. Smooth muscle cells are

such a cell type; they proliferate in response to an array of growth factors

(see section 2.1.5). Dormann and Deutsch (2002) modelled growth based
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on a diffusible stimulus from necrotic cells, and nutrients which could be

consumed. The proliferation rate of cells was linked to the diffusible stim-

ulus, and this was decreased at a constant rate in the presence of cells.

The cell cycle can be explicitly modelled, with triggers and thresholds

regulating whether or not cells enter the next cell cycle phase (Walker

et al., 2002). Cell proliferation may also be directly linked to mechanical

variables (Caiazzo et al., 2009).

Migration

Cells move through crawling, whereby the cytoskeleton remodels over time,

making and breaking bonds with its extracellular environment. In many

cases, this motility can be modelled as a random walk process, whereby

cells migrate at a constant rate in random directions. This migration may

be completely isotropic, or biased towards a direction or gradient (Codling

et al., 2008; Pérez and Prendergast, 2007). Isotropic random walk results in

the diffusion partial differential equation at the continuum level (Murray,

2002).

Application of Agent-based models

The cell-centred technique is extremely versatile, and has been used to sim-

ulate a wide variety of biological systems. Developmental processes, cell

sorting and tumour growth have been simulated using the Cellular Potts

Method (CPM), (see the review by Merks and Glazier (2005)). Dermal

wound healing has been simulated in three dimensions and wound healing

28



assays have been simulated using agent-based techniques (Mi et al., 2007;

Simpson et al., 2007; Walker et al., 2002). The lattice-based approach

has been used in a wide variety of mechanobiological models. Pérez and

Prendergast (2007), were the first to use the random walk approach for

cell proliferation and migration in a simulation of tissue differentiation.

In this model, the migration and proliferation of mesenchymal stem cells

were simulated in a lattice. Finite element analysis was performed at reg-

ular intervals to determine the mechanical stimuli of fluid flow and shear

stress, which regulated the differentiation of these cells into osteoblasts,

chondrocytes or fibroblasts, following the theory proposed by Prendergast

et al. (1997). These differentiated cells produced their characteristic tis-

sues, which then altered the mechanical properties of the tissue, and hence

the stimulus. In this way, the time-course of tissue differentiation could be

captured in a simulation. This was later applied to idealised bone scaffolds

(Byrne et al., 2007), fracture healing (Byrne, 2008), tissue differentiation in

a bone chamber (Khayyeri et al., 2009), and tissue differentiation with an-

giogenesis (Checa and Prendergast, 2009). In the latter study, angiogenesis

was included by modelling the capillaries as sprouts of adjacent endothe-

lial cells. These then influenced tissue differentiation, as bone formation

was assumed to only occur within a specified distance of an oxygen source

(capillary). The CPM has been used to simulate osteon formation, and

bone remodelling through the explicit modelling of osteoclast behaviour

(van Oers et al., 2008).

It is clear from the above literature that injury to the vessel correlates

29



with the amount of subsequent restenosis. The injury-based paradigm for

restenosis after angioplasty and stent implantation has gained wide ac-

ceptance among clinicians. However, a computational technique capable

of predicting the injury response has not been produced. As injury and

tissue disruption is a necessary part of revascularisation, it is necessary to

understand, and to be able to predict, the relationship between injury and

the amount of re-blockage. While current Finite Element models offer a

method to predict injury through stress calculation, a mechanobiological

model for restenosis capable of predicting the long-term restenotic response

of arteries has not been produced. Previous models have not included the

external environment or inflammation explicitly. The agent-based mod-

elling technique has been successfully applied to skeletal, wound healing

and tumour growth applications, so it provides an ideal method to repre-

sent arterial mechanobiology.
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Chapter 3

Lattice-Based Simulation of

Restenosis in Stents: The

Influence of Inflammation

Intensity on Stent

Performance1

1This chapter is based on the paper ‘Computational simulation methodologies for
mechanobiological modelling: a cell-centred approach to neointima development in
stents’ by Colin J. Boyle, Alexander B. Lennon, Michael Early, Daniel J. Kelly, Caitri-
ona Lally and Patrick J. Prendergast in Philosophical Transactions of the Royal Society
A (2010), 368, pp 2919–2935. All technical work described in this chapter was performed
by the author.
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3.1 Introduction

Percutaneous coronary intervention (PCI) involves the restoration of blood

flow to arteries blocked as a result of cardiovascular disease. It involves

expanding a mesh structure within the vessel, which acts as a scaffold to

hold open the artery. It is a minimally invasive therapy, and is associated

with high success rates (Bennett and O’Sullivan, 2001). A significant lim-

itation to the technique is the persistent rate of failure due to re-blockage

of the artery, termed restenosis, which is a tissue adaptation response to

the implant. Engineering optimal treatments for cardiovascular diseases

requires a model capable of predicting arterial tissue’s response to mechan-

ical stimuli.
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Finite element analysis (FEA) has been used to predict the vessel ge-

ometry upon stenting (Prendergast et al., 2003), which can be used to

optimise stent design towards maximising lumen area or minimising tissue

prolapse. The vessel wall stresses upon stent expansion represent an im-

portant biophysical stimulus for vessel wall growth, and FEA may be used

to compare alternative stent designs (Lally et al., 2005), and to optimise

stent geometry with respect to arterial wall stress (Bedoya et al., 2006;

Timmins et al., 2007). These techniques can rank stents based on me-

chanical variables, but cannot offer information on the response to these

stimuli. To do this, a mechanobiological theory for tissue growth and

mechanically-induced alterations is required.

Upon stent implantation, injury can induce tissue rupture, exposing

underlying tissue to blood flow, inducing smooth muscle cell death, and in-

ducing an injury response. The neointima formation in response to injury

can be simplified into distinct, overlapping phases (Drasdo et al., 1995;

Evans et al., 2008). An exudative phase occurs when macrophages and

other inflammatory cells from the blood aggregate around and within the

injury site. They initiate a resorptive phase where debris, tissue and dead

cells are decomposed by inflammatory cells. These cells, together with the

dead SMCs and endothelial cells (ECs) produce growth stimuli, which ini-

tiate the proliferation phase. In this phase, SMCs proliferate and infiltrate

the injured region, initiating a repair phase that consists of deposition of

collagen-based tissue in place of the granulation tissue. The endothelium

is influential in providing a mechano-sensitive barrier between the smooth

muscle and the blood, and can also actively regulate SMC behaviour. This
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layer is damaged (often removed completely) during stent deployment and

its growth-inhibitory effects are only restored when the layer re-heals.

The relationship between mechanical stimuli and tissue injury has been

investigated for skeletal muscle tissue. Linder-Ganz et al. (2006) deter-

mined a threshold-type relationship between pressure applied to rat skele-

tal muscle and muscle cell death using indentation tests. Kornowski et al.

(1998) and Gunn et al. (2002) showed a link between stretch and deep tis-

sue injury and subsequent restenosis. These studies provide evidence for

the mechanism of injury-induced restenosis. Garasic et al. (2000) found a

large effect of stent design on restenosis in the iliac arteries of rabbits, and

this model provides a test for the predictive model described here.

Many of the structural changes that biological systems undergo are

complex, and are a result of many biological components interacting. It

has been argued that producing mathematical laws governing such a com-

plex system is difficult: ‘to do so would be like expecting to discern the

fundamental laws of electromagnetism in the output of a personal com-

puter’ (Lander, 2004). An alternative is to break-up the system, until the

components begin to behave according to simple models. The extreme of

this path is to reduce down to the molecular level, where chemical reactions

and molecular dynamics govern. Even if this were possible for any rele-

vant model size, it may not be useful, as the model system would be just as

complicated as the reality (Merks and Glazier, 2005). The cell is a natural

level of abstraction, as cells are discrete entities and their behaviour can

be reduced to a simple set of rules. They process inputs such as extracel-

lular environment, mechanical stimuli and chemical stimuli, and regulate
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their behaviour accordingly to migrate, proliferate, secrete extracellular

components, produce force, apoptose, etc. The aim of the modeller is then

to develop a sufficiently accurate model of individual cell behaviour that,

when many cells are combined in a simulation, a robust, and accurate,

tissue-level model is produced.

In this paper, we test whether or not an injury-based simulation would

show the relative efficacies (i.e. the differences in performance between

stents) of stents similar to in vivo experiments, and what effect the in-

flammation level has on the response. In particular, we will test whether

or not the amount of inflammation induced in response to injury can have

an effect on restenosis predictions between stent devices.

3.2 Methods

The simulations were designed to correspond to the experimental setup of

Garasic et al. (2000). In that study, two corrugated ring stents with differ-

ent strut configurations were implanted into the iliac arteries of rabbits.

3.2.1 Finite element analysis

Finite element models of the two stents used were built using Rhino,

meshed using Cubit, and developed into an ABAQUS finite element model.

Stent A was built as a four-crowned design, where the number of crowns

indicate the number of corrugated points in the circumferential direction2

2In the stents modelled here, this means that the number of struts in the middle of
a circumferential unit is double the number of crowns.
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Table 3.1: Artery wall Mooney-Rivlin material model parameters, from
Gervaso et al. (2008)

Parameter a10 a20 a30 a40 a50 a60
(kPa) 6.52 48.9 9.26 760 -430 86.9

Stent B was designed to have the same diameter as stent A, and had six

crowns. (Fig. 3.1). Stent A consisted of three cells connected axially, while

stent B consisted of four, ensuring that both stents had the same axial

length (see Fig. 3.1). The artery wall was modelled as a hollow cylindrical

tube with a homogeneous, isotropic constitutive model. The inner diame-

ter was 2.75 mm and the vessel wall had a thickness of 0.5 mm, which is

representative of a rabbit iliac artery (Garasic et al., 2000). A sixth-order

Mooney-Rivlin strain-energy function was used:

ψ = a10 (I1 − 3) + a20(I1 − 3)2 + a30(I1 − 3)3 (3.1)

+a40(I1 − 3)4 + a50(I1 − 3)5 + a60(I1 − 3)6 (3.2)

The solution was calculated using ABAQUS/Standard (SIMULIA) v6.8.

The constants for the material model were taken from Gervaso et al. (2008),

who fitted the model to the experimental data reported by Holzapfel et al.

(2005) (see table 3.1), in which circumferential sections of tissue were

tested in uniaxial tension. The tissue was assumed to be isotropic and

homogeneous, and the medial tissue layer was assumed to dominate the

loading, hence the artery was modelled as one layer.

The stent material was modelled as an elasto-plastic material with the

properties of stainless steel, as reported by Early et al. (2009) (see table
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Table 3.2: Stent material model parameters

Parameter E σy ET ν
(MPa) 188× 103 240 513× 103 0.27

3.2).

Physiological conditions in the artery were simulated by applying an

axial pre-stretch of 1.2 and a blood pressure of 13.3 kPa to the lumen

surface prior to stent expansion. A radial displacement was applied to

all nodes of a cylinder positioned within the stent, expanding it from an

initial diameter of 1.15 mm to 3.3 mm. This achieved an expansion ratio

of 1.2 between the artery and the stent. The cylinder was then retracted

allowing recoil of the stents. To reduce the simulation times, symmetry was

used to reduce to a 1/8th model circumferentially for the 4 crown stent,

and a 1/24th model for the 6 crown (see Fig 3.1). Appropriate boundary

conditions were applied along the planes of symmetry.

Minimum principal stress was used as the injury stimulus, based on

experimental findings which showed the effects of pressure stresses on cell

viability in skeletal muscle (Linder-Ganz et al., 2006). It was assumed

that this represented a threshold in the tissue, such that above this value,

cells died and initiated an inflammatory response. Before translating the

FEA results to the lattice model, a full artery model was built from the

symmetric models by mirroring about the planes of symmetry.
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4 Crown 6 Crown

Figure 3.1: Finite element representations of the two stents simulated,
the 4 and 6 crown types. Top, the unexpanded configuration. The re-
gion shown in red indicates the actual simulated region, due to symmetry.
Centre, scanning elecron microscope images of the stents used in the ex-
periments of Garasic et al. (2000). Bottom, the stents at full expansion.
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3.2.2 Lattice Model

Three cell types (contractile smooth muscle cells (cSMCs), synthetic smooth

muscle cells (sSMCs) and endothelial cells (ECs)), and three extracellular

components (extracellular matrix (e), matrix degrading factors (m), and

growth stimuli (g)) were modelled (Fig. 3.2). A regular, orthogonal, 3D

lattice was defined, representing the spatial domain in which tissue adap-

tation occurs. The cell algorithms require positional information about the

cell, and the local environmental stimuli. The proliferation and migration

algorithms use an algorithm for assessing the suitability of a neighbouring

lattice site based on cell presence and extracellular matrix (Algorithm 3.1).

This algorithm ensures that each lattice point is occupied by a maximum

of one cell, and that only points suitable for cell attachment are available

for cell movement. In the case of SMCs, this means there must be an

average ECM in the local region greater than the critical value3. For ECs,

there is a further stipulation that the lattice point itself must contain no

ECM, so that cells only proliferate over the lumen surface4.

Initialisation

In order to map stress from the FE mesh onto the lattice, the lattice

bounds were initialised to encompass the entire FE mesh. The spacing of

the lattice points (∆x) was equal in each orthogonal direction. For each

3eavg ≥ emin, where eavg is the average ECM in the Moore Neighbourhood (see
section 4.2.3, page 76), and emin is the minimum amount of ECM to support cell
migration

4the lattice point which contain no ECM, but are adjacent to lattice points that do.
5for a description of local neighbourhoods in lattice-based models, see section 4.2.3,

page 76
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injured tissue
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Figure 3.2: A system diagram of the components (in boxes) and processes
(arrows) involved in the model of smooth muscle cell behaviour. (i) The
uninjured artery wall is quiescent and contains contractile smooth muscle
cells (cSMCs) and extracellular matrix (ECM). Injury induces cell death
and tissue damage/rupture. (ii) In response, inflammatory cells infiltrate
the injured region and produce matrix degrading factors and growth fac-
tors. (iii) Matrix degradation of ECM induces (iv) SMCs to modulate their
phenotype from contractile to synthetic (sSMC). These sSMCs proliferate
in response to growth factors (v) and express ECM (vi). SMCs can resort
back to the contractile phenotype if the ECM is fully restored.
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Algorithm 3.1 Get Free Cell Neighbours

1: Inputs: Cell Phenotype, cell position
2: for VonNeumann neighbourhood5 (N, S, E, W, Up, Down) do
3: if No SMC or EC present then
4: if eavg > emin then
5: if Phenotype = EC then
6: if e < emin then
7: Add Position to List of Available Positions
8: end if
9: else

10: Add Position to List of Available Positions
11: end if
12: end if
13: end if
14: end for

element in the FE mesh, the lattice points within that element were found

following the method of Byrne (2008). Briefly, a bounding box was formed

around each element, with each lattice point within this box tested to check

if it fell within all six faces of the element. These points were initialised

as ‘artery lattice points’ by assigning the stress value of the element and

by initialising them with e = 1. cSMCs were randomly distributed within

a certain fraction of the arterial lattice-points (cSMC). At lattice points

with a minimum principal stress value above σcrit, cells were removed and

initial conditions for growth factor (G) and matrix degrading factor (MDF)

were introduced. These represent an acute source of injurious factors, and

encompass production from SMCs, EC, platelets and inflammatory cells.

ECs were initialised to cover the lumen surface proximal and distal to the

stent ends, simulating total denudation within the stented region, as has

been found for balloon-expanded stents (Harnek et al., 1999).
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Inflammation

In lattice points containing both ECM and MDF, both of these compo-

nents were reduced at a constant rate of degradation, kdeg, over the course

of the simulation. In this respect, inflammation response was modelled

as a constant ECM removal term (minit), and an initial amount of growth

stimulus for cellular proliferation (ginit). This initial amount then decreases

linearly over time, until ECM and/or MDF are removed. The inflamma-

tion parameters were altered by ±50% to investigate the effect of different

inflammation responses on restenosis prediction.

SMC Phenotype

The SMC phenotype was governed by the local ECM concentration: it

was contractile if the ECM was present and not degraded (e = 1) and

the local concentration of cells was below a critical value cSMC,crit, and

synthetic otherwise (Algorithm 3.2). This ensured that a region would re-

turn to quiescence when the ratio between cells and ECM was appropriate.

Differentiation was assumed to be reversible.

Algorithm 3.2 Modulate SMC Phenotype
1: Inputs: e, cSMC

2: if e ≥ 1 then
3: if cSMC < cSMC,crit then
4: Phenotype = Contractile
5: else
6: Phenotype = Synthetic
7: end if
8: else
9: Phenotype = Synthetic
10: end if
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SMC Proliferation

sSMCs proliferated if the local growth stimulus was above a critical level

(gcrit), and occurred at a constant rate (pSMC) (Algorithm 3.3). A successful

proliferation reduced the local growth stimulus by (gcrit), modelling an

external limiting factor to growth.

Algorithm 3.3 SMC Mitosis
1: Inputs: g
2: if g ≥ gcrit then
3: Get Free Neighbours (SMC, Cell Position) (A3.1)
4: if Free Neighbours > 0 then
5: Randomly Select from Free Positions
6: Add new SMC to selected position
7: g = g − gcrit
8: end if
9: end if

SMC Migration and ECM production

Migration of sSMCs occurred in random directions at a constant rate

(vSMC) through lattice points which either had or were adjacent to points

with ECM present (Algorithm 3.4). sSMCs produced ECM at a constant

rate (ke) at their lattice position (Algorithm 3.5).

Algorithm 3.4 SMC Migration

1: Get Free Neighbours (SMC, Cell Position) (A3.1)
2: if Free Neighbours > 0 then
3: Randomly Select from Free Positions
4: Move cell to selected position
5: end if
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Algorithm 3.5 SMC ECM expression

1: for Each neighbouring lattice point do
2: if e < 1 then
3: Increase ECM in each neighbouring position by ke/(no. of neigh-

bours)
4: end if
5: end for

EC Proliferation

The model assumes endothelium heals through proliferation of healthy en-

dothelial cells in neighbouring regions to the stent. Endothelial cells were

only allowed to occupy lattice points which fulfilled the following condi-

tions: they did not contain ECM, and they were adjacent to a lattice point

with ECM, i.e. ECs could only proliferate along the lumen surface (Algo-

rithm 3.6). Proliferation occurred at a constant proliferation rate, pEC.

SMCs cannot occupy a lattice point containing another cell, so a position

occupied by an endothelial cell represents an immovable and impenetrable

barrier to SMCs.

Algorithm 3.6 EC Mitosis

1: Get Free Neighbours (SMC, Cell Position)
2: if Free Neighbours > 0 then
3: Randomly Select from Free Positions
4: Add new EC to selected position
5: end if

3.2.3 Simulations

The neointimal area at an axial position within the stent was calculated as

the total area of lattice points containing extracellular matrix minus the
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initial cross-sectional area of the artery. The volume of the lesion was the

sum of these areas over the length of the artery. The simulation was then

run for an equivalent of 180 days post-stenting.

At each time increment, all cells were operated upon based on their phe-

notype. Random walk migration and proliferation were performed on each

active cell a number of times per increment based on the migration and

proliferation rates respectively. Differentiation of SMCs and ECM produc-

tion were performed every increment, with the increment corresponding to

one day.

The pseudocode for the simulation technique is given in procedure 3.7,

and represented schematically in figure 3.3.

3.2.4 Parameters

The model parameters were selected based on experimental values, cali-

brated against experiments or selected based on the descriptions of the

time-course of neointima development. DiMilla et al. (1993) measured

the migration speed of individual human SMCs on various substrates in

vitro and found migration speed to be on the order of 10− 20 µm/h. The

proliferation dynamics of SMCs in the artery are controlled by the pro-

liferation rate and amount of initial growth stimulus. These parameters

were selected to produce a similar proliferation profile to human smooth

muscle cells (Schwartz et al., 1996) in respect to the time to peak prolif-

eration, and duration of proliferative response5. Matrix degradation was

5In that study, the time to peak proliferation was calculated to be approximately 15
days, and the proliferation rate dropped to below 1 % of the peak value after 120 days.
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Procedure 3.7 Pseudocode representation of the steps involved in the
simulation. tf is the final simulation time.

1: Compute Minimum Principal Stress in the artery during stenting
2: Initialize Lattice Variables
3: for t = 0 to tf do
4: for each lattice point do
5: if m > 0 and e > 0 then
6: e = e− kdeg
7: m = m− kdeg... matrix degradation

8: end if
9: if SMC present then
10: Modulate SMC Phenotype (A3.2)
11: end if
12: end for
13: for number of EC proliferations per timestep do
14: Randomize list of ECs
15: for each EC do
16: Proliferate EC (A3.6)
17: end for
18: end for
19: for number of SMC proliferations per timestep do
20: Randomize list of SMCs
21: for each SMC do
22: Proliferate SMC (A3.3)
23: end for
24: end for
25: for number of SMC migrations per timestep do
26: Randomize list of SMCs
27: for each SMC do
28: Migrate SMC (A3.4)
29: end for
30: end for
31: for each SMC do
32: Express ECM (A3.5)
33: end for
34: end for
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Figure 3.3: Schematic diagrams of the rules governing cell activity in the
lattice model. (a) SMCs surrounded by ECM and with an intact endothe-
lium express a contractile phenotype, (b) ECM is reduced in injured areas,
simulating the degradation of ECM by MDFs, and SMCs are removed (c).
cSMCs neighbouring the reduced ECM region modulate to the synthetic
phenotype, (d) sSMCs migrate by random walk (arrows indicate possible
movements) and (e) proliferate (dashed lines indicate daughter cells), (f )
ECM is produced by cells as they move, and (g) over time a lesion forms
until (h) the endothelium has healed. A video of this process in action is
included as the electronic supplementary material, video S1 (green circles,
cSMC; blue circles, sSMC; red circles, EC).
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Table 3.3: Parameters for the initial baseline runs

Parameter Unit Value
∆x mm .01825
σcrit kPa 35
cSMC cells/mm2 3.16× 104

vSMC µm/day .24
pSMC doublings/day .24
minit 1
ginit 3
kdeg .2
ke .1
pEC doublings/day 2

assumed to completely resorb damaged tissue (in the absence of matrix

producing cells) after 20 days. The endothelial healing rate was selected

to achieve re-endothelialisation of an 8 mm denuded artery after 180 days

(giving pEC =2). Due to the large variation in this parameter, it was var-

ied over a wide range (proliferation attempt rate of 0 - 4 per cell per day).

The lattice density represents the maximum cell density possible. This

was set to 1.64 × 105 cells/mm3, based on human cell concentrations in

neointima (Schwartz et al., 1996). The initial concentration of SMCs was

based on cell concentrations in human artery tissue (Tracy, 1997), and

set to 3.16 × 104 cells/mm3. Experiments on skeletal muscle have shown

that the threshold for skeletal muscle cell viability is between 35 kPa and

70 kPa (Linder-Ganz et al., 2006), and the lower limit of 35 kPa was used

as the injury threshold (σcrit) for arterial smooth muscle in the simulations

presented here. Parameters are summarised in table 3.3.
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3.3 Results

The finite element analyses predicted injury primarily beneath the stent

struts (Fig. 3.4). The four-crown stent produced much larger regions of

stress than that of the 6 crown stent. The amount of injury beneath the

struts increased as the number of scaffolding points decreased. The volume

of injured tissue predicted was found to be insensitive to the precise value

of the injury threshold (Fig. 3.4). A qualitative analysis of the lattice

state over the simulation shows the dynamics of the restenosis progression

(Figs. 3.5 and 3.6). Initially, SMCs are removed from the injured regions

beneath the stent struts, and ECM begins to be removed. SMCs from the

surrounding regions modulate to the synthetic phenotype and proliferate.

These cells produce extracellular matrix, and migrate randomly, moving

the tissue boundary as new ECM is laid down. Endothelial cells proliferate

from the proximal and distal ends of the artery to eventually completely

reform over the neointimal surface, at which point the lesion stops growing.

The depth of neointima is larger at the stent strut locations, and the

amount of neointima produced increases as the number of struts decreases.

In the case where a low amount of initial growth and matrix-degrading

stimuli is prescribed (the low inflammation case), there is a significant dif-

ference in the amount of restenosis produced in the 4 crown stent compared

to the 6 crown (Fig. 3.7), with a two-fold increase in average neointimal

area. In this case, there is also a significantly higher neointima produced

at the stent ends than in the centre. For the high inflammation case, the

differences between the stents is markedly less pronounced, and there is
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4 Crown

6 Crown

Stent End Mid-Cell

Figure 3.4: Cross-sections of the finite element model showing the injury
predicted. The injured region is shown for three different stress thresholds
(black = 17.5 kPa, yellow = 35 kPa, blue = 52.5 kPa, while the uninjured
is in light grey. The injured regions correspond to the areas under the stent
struts and are greatest at the stent crowns (left column) compared to the
centre of the cells (right column). The blue and yellow indicate the effect
of varying the injury threshold by ±50% , indicating a minimal effect on
the predicted volume.
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Figure 3.5: Simulation plot of the lattice over time in the simulation of
both stents. This plot shows the distribution and phenotype of cells. Green
points indicate cSMCs, blue points indicate sSMCs, and red points indicate
ECs.
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4 Crown 6 Crown

day 0

day 120

Figure 3.6: Simulation plot of the lattice over time in the simulation of both
stents. This plot shows the ECM in the model over time. Red indicates
ECM = 1, while blue indicates ECM = 0.

little difference in the peak neointimal area (Fig. 3.8). There is also a

change in the distribution of restenosis within the 4 crown stent; neointi-

mal area peaks in three places corresponding to the cell intersections. The

6 crown stent still produces more neointima at the stent ends. The relative

volume of restenosis within the stents is not constant over time (Fig. 3.9).

In the low inflammation case, the difference gradually increases over time,

and eventually reaches a constant value of 1.6, while in the high and inter-

mediate simulations, the difference peaks at 20 days, then reduces coming

to a steady value of 0.4.

The rate of endothelial healing had a significant effect on the amount

of restenosis formed, and its distribution within the stent (Fig. 3.10).
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Figure 3.7: The axial distribution of restenosis in the two stents for the
low inflammation case. The lesion volume is significantly lower in the 6
crown stent than in the 4 crown stent.
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Figure 3.8: The axial distribution of restenosis in the two stents for the
high inflammation case.
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Figure 3.9: Relative difference in lesion volume between the 4 and 6 crown
stent (as a function of time). The relative difference is calculated as: (Le-
sion volume in 4 Crown - Lesion volume in 6 crown )/ Lesion volume in 6
crown. This means that a value of 0 indicates no difference, and a positive
value indicates the 4 crown stent induces more restenosis. Increasing the
inflammation response intensity constants (i.e. the amount of MDF and G
produced) does not significantly alter the prediction, but decreasing the
inflammation does. In the low inflammation case, the differences between
stents is predicted to be much higher than in the baseline simulations.
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Figure 3.10: Effect of changing the rate of endothelial cell proliferation
on restenosis predicted. With higher proliferation rates, the restenosis
decreases, and the effect is most pronounced in the ends of the stent.
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3.4 Discussion

A simulation technique was developed and tested, which was based on me-

chanically induced injury, inflammation and smooth muscle cell behaviour.

It was found that for the case when the inflammation response was low, a

large difference between two stent designs was found, similar to the results

of Garasic et al. (2000) in vivo. The differences reduced as the amount

inflammation prescribed increased, and was not constant over time. The

results corroborate the hypothesis that injury induces restenosis, and that

this can provide the basis of a predictive model of stent performance. The

study highlights the importance of the inflammation response not just on

the amount of restenosis produced, but also on the relative performance of

stents.

The example described here has some limitations. The geometry of

the problem was simplified to a cylinder, whereas in patients, a signifi-

cant stenosis with heterogeneous properties would affect the calculations

of stress (and therefore injury) in the artery (Gijsen et al., 2008). Com-

pressive stress was chosen as the stimulus causing tissue injury; however

other variables such as strain, tensile stress or strain energy density may

better predict injury. The inflammatory response was modelled only as an

initial condition of matrix degrading factors and growth factors. In reality

this is a complex response, which occurs as monocytes, macrophages and

platelets gradually invade the injured zones from the lumen and act lo-

cally to remove debris and stimulate SMCs. In particular, a delay between

the injury and the peak of the subsequent inflammation response is not
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present in the current model, which may be essential to accurately model

the capacity for regulation between injury and inflammation. For exam-

ple, if the inflammatory response is slower to respond, the injury persists,

and could prevent the tissue returning to quiescence. The parameters for

the behaviours of the cells in the system have been taken from in vitro

and in vivo data from various species. These parameters have an effect

on the outcome of the simulations, and will need to be defined experimen-

tally and for humans. The endothelium healing rate was found to have

a large effect on the amount of restenosis. Endothelial proliferation rate

varies considerably, and the healing rate is dependant on the injury of

the underlying tissue (Kipshidze et al., 2004), underlying substrate strain

(Moretti et al., 2004), and fluid flow-induced shear stress (Resnick et al.,

2003; Wentzel et al., 2003; White et al., 2001; Zarins et al., 1987). The

endothelium model implemented here represented a healed endothelium

as a rigid, physical barrier to growth. In reality, the endothelium inhibits

growth by acting as a barrier to growth stimuli; underlying tissue can con-

tinue to grow. However, even with such simplifications, the simulation

could capture important characteristics of lesion growth found in vivo in

the following ways: lesion development was found to be non-linear in time;

unevenly distributed within the stent; and the endothelial healing rate was

found to have a large effect on the progression of restenosis. In the future,

a method for allowing sub-endothelial growth could be implemented by al-

lowing displacement of ECs by smooth muscle cells. The physical barrier

of the stent struts was not included in this model, which could affect the

pattern of SMC migration.
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The stents tested were based on an in vivo study in rabbit iliac arteries

(Garasic et al., 2000). In that study, a two fold difference in neointimal

area was found 28 days after stent implantation between the 4 crown and

6 crown stents. This provides evidence of the importance of stent design

on restenosis. When considering the results shown in this paper, a few

important points must be made. Firstly, young, healthy rabbits may be

expected to have a less pathologically high inflammatory response to injury.

As the simulations here indicate, the level of inflammation response to

injury could affect not only the amount of neointima developed, but also

the differences between stents. The time-point of comparison may also

be important, as the simulations shown here indicate that the differences

between stents may not be constant over time. This dependence on the

response to injury when comparing device design means that it may be

necessary to specify the inflammatory phenotype of test subjects, as this

may be expected to vary between patients, lesion types, patient ages, etc.

This is very much a physiomic modelling approach, allowing the syn-

thesis of a diverse range of information. Components may be studied in

relative isolation, allowing the implementation of in vitro work, and the cell

models should be generic enough to apply to a range of applications. The

cell models underlying the cell-centred techniques must be based on sound

rules, extracted from experimental observation, as the model behaviour is

controlled by these rules.

One current limitation of the cell-centred technique when applied to

restenosis is the paucity of quantitative information on the dynamics of

the system. However, if the loop between experimentation and theory
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is to be followed, more data is needed on key behaviours of cells within

their natural environments rather than in vitro. This would require a

benchmark experiment which is controlled to the highest degree possible,

such as the bone chamber, which informed skeletal tissue differentiation

models (Khayyeri et al., 2009). Until such data is available, the simulation

methodology is useful in exploring the possible behaviours of the system

(Peck, 2004).

A key benefit of including more biological processes in a model of tissue

adaptation is the ability to make predictions about what happens when

these processes are altered by the presence of an implant. As biomedical

devices become more biologically active (such as drug-eluting prostheses

or tissue-engineered implants), predictions from traditional models become

more difficult. Also, biological parameters can be highly variable between

patients, meaning a pure mechanical analysis may not accurately predict a

device’s behaviour in a population, as each patient’s reaction to an identical

stimulus will be different. Including biology allows the effect of this source

of variation on the system to be studied. The COAST project aims to in-

clude growth-inhibiting drug diffusion in a multi-scale, multi-science model

of restenosis development (Evans et al., 2008; Caiazzo et al., 2009). Their

preliminary work assumes smooth muscle cell proliferation is induced in re-

sponse to high structural stress, or low wall shear stress, providing contact

inhibition and drug concentration are acceptable. In contrast, the model

described here includes explicitly the extracellular matrix (which consti-

tutes a large proportion of restenotic tissue), growth factors (which control

SMC proliferation, are diffusible, locally expressed, often short lived) and
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endothelium (which is influential in regulating smooth muscle tissue ac-

tivity). The inclusion of these complexities provides a cell-centred model

whose rules are based on the known biological mechanisms of restenotic

tissue development. The regulatory effects of mechanical stimuli can in fu-

ture be implemented through a known/postulated link, such as wall shear

stress regulating the production of growth factors at the lumen surface, or

tissue stress inducing cell death and subsequent inflammation.

The gold standard for preclinical testing is currently still animals. How-

ever, their limitations in many key applications have been increasing. Their

biological and mechanical systems are not accurate in predicting perfor-

mances in many cases (see, for example a review of animal models on

drug-eluting stents (Schwartz et al., 2004)). Provided that methodologies

are adopted which can synthesise the independent islands of knowledge,

computational models will overtake animal models in prediction of tissue

adaptation. In this study we have shown that it is possible to predict

differences found in vivo using an injury-driven model.

This study highlighted two key processes influencing the prediciton of

restenosis: the healing of the endothelium, and the inflammatory response

of the artery. The inflammation parameters, in particular, were shown to

have a large effect on the stent comparison. In the next chapter, the model

introduced here will be further refined in order to: provide an inflammation

model which can be fully calibrated to in vivo data; include a mechanical,

damage-based model of injury; and refine the smooth muscle cell model.

In this way, the predicitons of the simulation technique can be made more

specific and useful, and more clinically-relevant problems can be addressed.
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Chapter 4

In silico Prediction of the

Mechanobiological Response

of Arterial Tissue: Application

to Angioplasty and Stenting1

1This chapter is based on the paper ‘In silico Prediction of the Mechanobiological
Response of Arterial Tissue: Application to Angioplasty and Stenting’ by Colin J. Boyle,
Alexander B. Lennon and Patrick J. Prendergast in Transactions of the ASME, Journal
of Biomechanical Engineering (2011), 133, pp 081001. All technical work described in
this chapter was performed by the author.
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4.1 Introduction

The restriction of blood flow characterises many cardiovascular diseases

including stroke and myocardial infarction. Revascularisation generally

involves inserting a catheter into the vasculature and navigating the end
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of the catheter to the restricted region, where a balloon on the end of

the catheter is inflated to force material outward. This process is called

balloon angioplasty, and its most significant limitation has been the re-

occlusion of the vessel either by elastic recoil of the tissue or by growth of

new tissue (neointimal hyperplasia), a process termed restenosis. Stents

have become a most successful device for preventing elastic recoil, and

are used in increasingly complex lesions. These devices are deployed in

the occluded region and are designed to prop open the lumen; however

they do no prevent restenosis. There are a wide range of stent designs

available and stent designs have been shown to induce varying rates of

restenosis (Hoffmann et al., 2001, 2002; Morton et al., 2004). Despite many

generations of coronary stents, up to 10% of stenting procedures require

revision due to restenosis, a rate that increases to 50% in some high-risk

lesions (Bennett and O’Sullivan, 2001; Lally and Prendergast, 2006). It

can be argued that successful engineering of stents requires a design tool

or model that can predict the tissue hyperplasia induced as a function of

stent design.

The key determinant of long-term success after revascularisation is

whether the lumen area reaches an equilibrium value that provides suf-

ficient patency for blood flow. The first event to occur upon expansion of

the stent is that the endothelium becomes denuded within the stent re-

gion, exposing the underlying tissue to blood flow and producing a throm-

bogenic surface. The stresses within the arterial wall are also increased:

tissue is stretched circumferentially between the struts, and compressed

radially beneath them. Damage to the laminae and the media can occur
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(Gunn et al., 2002; Kornowski et al., 1998). Smooth muscle cells (SMCs)

within the media may become necrotic / apoptotic. These combined al-

terations trigger an inflammatory response (Scott, 2006; Welt and Rogers,

2002). The first phase of the tissue response is characterised by thrombus

formation, platelet deposition, and monocyte infiltration into the injured

areas. Matrix degrading enzymes and growth factors are expressed by the

invading inflammatory cells, platelets and necrotic/apoptotic SMCs (Thy-

berg et al., 1990). Matrix degradation encourages surrounding contractile

SMCs to express a synthetic phenotype (Thyberg et al., 1997); reduc-

tion of MMPs (matrix metalloproteinases - a family of matrix degrading

enzymes) by inhibitors have been shown to reduce subsequent restenosis

(Zempo et al., 1996). The SMCs migrate into injured regions, and prolif-

erate in response to growth stimuli, characterising the proliferation phase.

The synthetic SMCs produce extracellular matrix components such as col-

lagen, elastin, proteoglycans, laminin and fibronectin, which constitute the

neointimal lesion. Provided the source of injurious factors recedes, and the

lumen does not occlude, the cells in the lesion can resort back to quiescence

and the lumen area equilibrates. If, however, the cell proliferation and ma-

trix synthesis is too intense, the neointima can restrict the artery, requiring

further revascularisation steps. A schematic of restenosis development is

shown in Fig. 4.1.

Advances in arterial tissue modelling, and computational fluid dynam-

ics allow the mechanical stimuli imparted by a stenting procedure to be

calculated. Significant advances have been made over the last twenty years

to the precision and accuracy of these models, including improved consti-
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Figure 4.1: Schematic representation of restenosis development. Initially,
quiescent SMCs occupy the vessel wall and an intact endothelium exists
(a). Upon stenting, the plaque is plastically deformed, endothelium is de-
nuded, vascular tissue is stretched and inflammation is initiated (b). In
response, SMCs become synthetic, migratory and proliferative, producing
neointima (c), which may achieve homeostasis, provided the inflamma-
tion stimulus recedes and a layer of endothelial cells is re-established (d).
Neointimal area is measured as the difference between the lumen area im-
mediately post-stenting and the lumen area upon follow-up.
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tutive modelling of tissues (Holzapfel et al., 2005), more realistic models of

stent deployment (De Beule et al., 2008; Gervaso et al., 2008) and the use

of patient-specific geometries (Gijsen et al., 2008; Holzapfel et al., 2002).

These provide detailed information on the stresses induced in the arterial

wall due to stenting, and allow comparisons between stent designs, in terms

of tissue prolapse (Prendergast et al., 2003) or induced stresses (Lally et al.,

2005; Migliavacca et al., 2004). These models may then be used to opti-

mise stent design with respect to mechanical stress (Bedoya et al., 2006;

Timmins et al., 2007), and to investigate the effect of structural differ-

ences between coronary and peripheral vessels (Early and Kelly, 2010).

These studies provide methods to determine the initial stimuli or triggers

for restenosis. The reaction to a stent by the arterial tissue, however, is

a complex biological process (Evans et al., 2008), which is difficult (if not

impossible) to predict from the initial stimuli described by the mechanical

environment post-stenting. It is unclear, for example, which, if any, me-

chanical stimulus correlates with subsequent restenosis volume. One path

forward is to develop mechanobiological models that relate mechanics to

biological response (i.e. injury, inflammation and SMC behaviour) in order

to simulate the process over time.

Mechanobiological models offer a method for predicting the long-term

effects of perturbing the mechanical environment. These models have been

successfully applied to bone remodelling (Garćıa, 2002) and skeletal tissue

differentiation (Prendergast, 2009), and have been investigated for car-

diovascular applications (Evans et al., 2008; Lally and Prendergast, 2006;

Rachev et al., 2000). The modelling approach where cell activities are
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modelled using a regular lattice has been of particular utility in modelling

processes that are the result of complex cell activities (Pérez and Pren-

dergast, 2007). In these models, individual cells act at a local level based

on the local environment; and tissue-level changes occur as a result of the

net effect of local cell activity. This allows a wide range of information

and complexity to be included through prescribing algorithmic rules for

cell behaviour, and is particularly suitable to modelling the relationships

between cell activity and mechanobiological stimuli (Boyle et al., 2010;

Merks and Glazier, 2005).

In this paper we ask the question whether or not a mechanobiological

model for restenosis in arteries can be developed using the lattice-modelling

approach to describe local cell activities. Specifically we aim to set the

model parameters using the clinical results of balloon angioplasty presented

by Schwartz et al. (1996) and information on the levels of inflammation in

patients after angioplasty described by Cipollone et al. (2001). We then

test the model by using the same parameters to simulate restenosis in an

artery in response to the injury caused by cardiovascular stenting. If the

model can predict reasonable results in these simple cases then it opens up

the opportunity to apply mechanobiological modelling in three dimensional

complex environments for the design of cardiovascular stents.

4.2 Methods

The growth of new tissue into the lumen of arteries in response to stenting

is assumed to be appositional; i.e. due to the deposition of extracellular
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matrix by smooth muscle cells (SMCs) on the lumen surface. Volume

addition is brought about by migration into, and matrix deposition at,

a previously unoccupied region of space such that the boundary of the

tissue is extended. The number of cells available to produce matrix in

a region is not constant over time; it is a function of net migration into

the region, proliferation, apoptosis and the phenotype of the present cells.

SMC migration can be modelled as a random-walk process (Pérez and

Prendergast, 2007) — with the constraint that cells only migrate within,

or on the surface of, tissue. SMCs proliferate in response to growth factors.

The rates of proliferation and migration depend on the individual smooth

muscle cell phenotype, which is modulated according to the constituents of

the extracellular space around the cell: in particular the amount of intact

extracellular matrix — the greater the volume fraction of extracellular

matrix, the more likely SMCs are to express a quiescent phenotype. Matrix

degrading factors (MDFs) such as matrix metalloproteinases, and growth

factors (for example platelet derived growth factor, PDGF) are produced

by inflammatory cells, apoptotic cells, SMCs and ECs. Mechanical stimuli

induce inflammation through injury / damage — introducing a mechano-

biological link. An outline of the simulation technique is given in Fig.

4.2.

The spatial domain in which cell activities occur is represented as a

regular, orthogonal lattice with dimensions {X, Y, Z}, and a lattice-point

spacing, denoted ∆x, which is identical in all three directions. At each lat-

tice point, Boolean and continuous variables are defined representing the

model constituents. Cells are represented by a Boolean variable such that

70



Figure 4.2: Flow chart outlining the computational method for the simu-
lation of restenosis. The stress may be updated, depending on whether or
not the new geometry significantly effects the structural behaviour of the
artery; and whether the injury stimulus is assumed to occur once in the
initial expansion procedure, or chronic.
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a lattice point is either occupied by one cell, or the lattice point is vacant.

The variables at each lattice point are then explicitly updated over time

based on algorithms for each cell activity, as described below. A bound-

ary condition describes the migration behaviour of cells at the edge of a

symmetric boundary, such as that found when simulating a circumferential

segment of an artery (see section 4.2.8 below). At these boundaries, a cell

in reality ought to be able to move into surrounding tissue, just as a cell

from the surrounding tissue ought to be able to migrate into the simulation

domain. To simulate this, a cell moving across a boundary is transported

to the equivalent point inside the corresponding surface. If the domain is

rectangular, this means a cell migrating off the top of the lattice will move

to the bottom, i.e. the simulation domain becomes a torus and cells are

conserved within the lattice. In an artery segment model, the boundaries

are at an angle to each other, dictated by the angle of the segment. In

this case, the equivalent point to each boundary point is found by rotating

the point by the angle between the boundary lines, and about the point of

intersection of the lines (Fig. 4.3). For a regular orthogonal lattice, the

angle between boundaries may mean that the equivalent position may not

correspond to a lattice point, in which case the nearest point is chosen.

4.2.1 Stimulus computation

The finite element method was used to compute the arterial wall stresses

during loading. Arterial tissue was modelled as an isotropic, hyperelastic

72



Figure 4.3: The boundary conditions for cell activity in the lattice model.
In a rectangular domain (left), a cell seeking to move off the top of the
domain (red circle) is transported to the bottom of the domain. A cell
moving off one side of the lattice is transported to the other side (blue
circle). In the case of a segment of a circle (right), a cell which leaves the
tissue domain (green lines) in the circumferential direction is transported
to the nearest lattice point to the equivalent position at the correspond-
ing boundary. This is found by rotating the point about the intersection
between the two boundaries (green arrow). Cells are not restrained from
moving in the radial direction.
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material using a second-order Mooney-Rivlin strain-energy function:

ψ = a10 (I1 − 3) + a01 (I2 − 3)

+a11 (I1 − 3) (I2 − 3) + a20(I2 − 3)2 (4.1)

Finite element analysis was performed using ABAQUS (SIMULIA) v6.8.

Von Mises stress was used to compute damage accumulation using a log-

linear relationship for fatigue-induced damage:

σ = α logNf + σf (4.2)

where Nf is the number of cycles to failure, σf is the failure strength (i.e.

when Nf = 1) and α is a constant. We define a fatigue strength, σ0, below

which the damage accumulation rate is assumed to be zero. Rearranging,

and taking that the rate of damage formation denoted Ḋ is given by Ḋ = 1
Nf

(Miner’s rule (Lee et al., 2005)), we get:

Ḋ = 10−
σ
f
−σ

α σ0 < σ ≤ σf

= 0 σ ≤ σ0 (4.3)

= 1 σ > σf

4.2.2 Modelling inflammation

The production of, and reactions between, three biological species – growth

stimulus (g), matrix degrading factor (m) and extracellular matrix (e) in
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response to damage (D) is simulated using a mathematical model. The

variables are updated at each lattice point based on their rate equations.

The reaction between e and m is approximated as first-order, with the

extracellular matrix degrading at a rate proportional to the amount of

matrix degrading factor,

de

dt
= −kdegm (4.4)

and the amount of matrix degrading factor (m) reducing correspondingly,

but being replenished in proportion to the injury present,

dm

dt
= −kdegm+ kmD (4.5)

In equations (4.4) and (4.5), kdeg is the rate of reaction between the

species, and km is a constant relating the production of matrix degrading

factor (m) to damage, D. Growth stimulus production is assumed to be

linearly related to damage (via constant kg), and is assumed to decay

exponentially at a rate dg

dg

dt
= kgD − dgg (4.6)

Damage removal is assumed to be equal to the removal rate of the

extracellular matrix (e), so the damage evolution equation is,

dD

dt
= N · Ḋ − kdegm (4.7)
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where N is the number of cycles at a given stress and Ḋ is the damage

accumulation rate (see section 4.2.1 above).

4.2.3 Modelling Smooth Muscle Cell Activity

Each smooth muscle cell occupies a single lattice point. Migration is mod-

elled as the movement of a cell from one lattice point to a neighbouring,

vacant lattice point. The local neighbourhood of a cell is defined as the

lattice points within a surrounding sphere of radius ∆x centred around

the lattice point, i.e. a von Neumann neighbourhood (Chopard and Droz,

1998), which includes the orthogonally adjacent lattice points (in a 2D lat-

tice, there are four such neighbours, see Fig. 4.4). Proliferation is modelled

as the creation of a new cell at a vacant lattice point in the von Neumann

neighbourhood. If a cell has no vacant neighbours, it cannot proliferate,

introducing a contact-inhibition effect. The direction of migration and pro-

liferation is random, implemented by selecting from the vacant neighbours

of an active cell randomly. These processes could, in principle, be depen-

dant on a chemical gradient; in this study, however, isotropic migration

and proliferation are used.

Phenotype Modulation

The SMC phenotype (φ) is assumed to vary continuously between fully

contractile (φ = 0) and fully synthetic (φ = 1), and is modulated by ex-

tracellular matrix concentration, e. The ideal or homeostatic phenotype

is assumed to be given by φ∗ = 1 − ē , where ē =

n
∑

i=1

e

n
is the average of
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Figure 4.4: The neighbouring points around a cell in an orthogonal lattice.
In the left-most diagram, VN indicates the von Neumann neighbourhood
(shown in 3D in the central diagram), and M indicates the Moore neigh-
bourhood (shown in 3D in the right-most diagram).

e within a sphere of radius
√
2∆x (n number of points); i.e. the ‘Moore’

neighbourhood (Chopard and Droz, 1998), which includes both orthogo-

nally and diagonally adjacent lattice points (Fig. 4.4). The rate of change

of phenotype is described by:

dφ

dt
= kd (φ

∗ − φ) (4.8)

where kd is a constant, such that the phenotype of a cell approaches the

homeostatic phenotype of its environment at a rate proportional to the

deviation of its phenotype from homeostasis.

Proliferation

Cells are assumed to have an intrinsic maximum proliferation rate (psmc)

such that exponential proliferation would occur if there was no contact-

inhibition; however the lattice modelling approach explicitly provides for
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contact-inhibition behaviour because, as the lattice fills, the number of

vacant lattice sites for cells to occupy are reduced. The mitosis rate of

a given cell is assumed to depend linearly on the local amount of growth

stimulus (g), and the phenotype of the SMC (φ). We therefore write an

expression for the probability of cell division when it has been ascertained

that there is a vacant neighbouring lattice, within a timestep ∆t, as:

Pproliferation = psmc · g · φ ·∆t (4.9)

Algorithm 4.1 SMC Mitosis

1: Inputs: g, pSMC, φ, , r = RAND ∈ (0, 1)
2: if g · pSMC · φ ≤ r then
3: Get Free Neighbours (SMC, Cell Position)
4: if Free Neighbours > 0 then
5: Randomly Select from Free Positions
6: Add new SMC to selected position
7: end if
8: end if

Migration

SMCs are assumed to have an intrinsic maximum migration speed vsmc.

The actual migration speed is linearly related to phenotype, so the prob-

ability of a cell moving to a vacant lattice point, within a timestep ∆t,

is:

Pmigration =
vsmc

∆x
φ ·∆t (4.10)
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A lattice site is only acceptable for migration if no cell is present and the

extracellular matrix is greater than a critical value emin. This means cells

will only migrate into a region if there is sufficient matrix to provide a

scaffold for cell attachment.

Algorithm 4.2 SMC Migration

1: Inputs: vSMC, φ, , r = RAND ∈ (0, 1)
2: if vSMC/∆x · φ ≤ r then
3: Get Free Neighbours (SMC, Cell Position)
4: if Free Neighbours > 0 then
5: Randomly Select from Free Positions
6: Move SMC to selected position
7: end if
8: end if

Extracellular matrix synthesis

Cells are assumed to produce extracellular molecules which assemble around

the cell to form extracellular matrix. Material is deposited within a radius

rmax of the cell (here rmax is assumed to be
√
2∆x), i.e. to each lattice

point in the Moore neighbourhood. The rate of change of e at a point is

given as ke
(

r−δ
r

)

, where δ is the distance from the centre of the cell and

ke is a constant. The rate of change of e at a point within r of a cell is

de

dt
= keφ

(

r − δ

r

)

0 ≤ δ ≤ r (4.11)

Due to these equations and the geometry of the lattice, there are three

expression rates around a cell: δ = ∆x for von Neumann neighbours,

δ =
√
2∆x for diagonally adjacent neighbours and δ = 0 for the cell

position itself.
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4.2.4 Computational implementation in a lattice

The simulation time is divided into equal timesteps, ∆t. During each

timestep, each cell expresses extracellular matrix and modulates its phe-

notype. It also selects its behaviour from the set {proliferate, migrate, no

change}. To ensure that each cell can perform only one of these behaviours

per timestep, the timestep must satisfy:

(

Pproliferation
max + Pmigration

max

)

≤ 1, (4.12)

and so from from Eqns. 4.9 and 4.10:

∆tmax =
1

psmc + vsmc/∆x
. (4.13)

To search for a vacant neighbouring lattice point, a neighbouring point

is chosen at random using a random number generator. If the selected

position is not vacant, another position is randomly chosen, and this is

repeated until a vacant position has been found, or all positions have been

searched.

These algorithms were implemented using the Visualization Toolkit

(VTK) code and custom-build classes and methods in C++ (called the

MechanoBiology ToolKit, MBTK; see Lennon et al. (2011)). This allows

representation of the finite element mesh (an unstructured grid in VTK)

and the lattice (image data set in VTK). The interpolation algorithms from

VTK were used in mapping variables between the spatial representations,

and the algorithms described above were implemented. A pseudocode
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representation of the simulation technique is given in algorithm 4.3.

Procedure 4.3 Pseudocode representation of the steps involved in the
simulation
Compute maximum stresses in the artery
for t = 0 to tf do
if t mod ∆tσ = 0 then
Update Stress State

end if
if t mod ∆tinflam = 0 then
Run Inflammation Model

end if
if t mod ∆tsmc = 0 then
for every cell do
Generate a Random Number r = RAND ∈ (0, 1)
if r < P (prolif) then
Proliferate

else if r < P (prolif) + P (migrat) then
Migrate

else if r < P (prolif) + P (migrat) + P (apop) then
Apoptose

end if
end for

end if
if t mod ∆tout = 0 then
Output Lattice variables

end if
end for

4.2.5 Inflammation model testing

The inflammation model was isolated for study by assuming no SMC ac-

tivity occurs, reducing the system to a set of coupled ordinary differential

equations for e, D, m and g. We examined the behaviour of the model

when an initially uninjured tissue is loaded in uniaxial tension. Four cases

were analysed: (i) an instantaneous stress (σ0) is applied and removed im-
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mediately, (ii) a stress (σ) is held constant, (iii) a stress (σ) decays linearly

with time, and (iv) a constant stretch ratio (λ) is applied. These give rise

to the prescribed conditions:

(i) σ(t) = σ0 0 < t < t1

= 0 t ≥ t1 (4.14)

(ii) σ(t) = σ0 ∀t (4.15)

(iii) σ(t) = σ0 − kt, σ ≥ 0 (4.16)

(iv) λ(t) = λ0 ∀t (4.17)

4.2.6 Parameter estimation

Material properties were chosen based on porcine coronary artery uniaxial

tension tests (Lally et al., 2005). The fatigue parameters (Eqn. 4.2) were

determined using the data of McLoughlin (McLoughlin, 2008), as shown

in Fig. 4.5. In these experiments, circumferential porcine coronary artery

segments were fatigue tested in tension. The samples were subjected to

cyclic tensile loading at three mean stress magnitudes (200 kPa, 500 kPa

and 1 MPa), and the number of cycles to failure was recorded. A log-linear

model was fitted to this data (σ vs logNf). Assuming damage would not

accumulate in the healthy artery, the lower limit for the fatigue strength of

the material is the maximum stress magnitude induced under physiological

loading. To compute this, a finite element model of a healthy artery (with

inner radius of 1.5 mm and wall thickness of 0.5 mm) was pressurised to

13.3 kPa (mean physiological blood pressure), and the maximum stress

82



induced was taken as the fatigue limit. The mechanical parameters are

summarised in Table 4.1.

Cell migration was set based on in vitro measurements of human SMC

migration (DiMilla et al., 1993). The lattice size was set such that ∆x =

0.018 mm, allowing a maximum cell concentration of 3000 cells/mm2.

The initial concentration, csmc, was set to a density of 1620 cells/mm2,

based on the data of Tracy (1997) for SMC densities in healthy human

arteries. In practise this was achieved by assigning 50 % of all lattice

points a smooth muscle cell randomly; all cells were assigned a contractile

phenotype initially (φ = 0). Cell model parameters are summarised in

Table 4.2.

The inflammation parameters (km and kdeg) were calibrated to achieve

similar inflammation time-courses as found in the study of angioplasty

in humans by Cipollone et al. (2001). In this study, a key marker for in-

flammation (monocyte chemoattractant protein 1 (MCP-1)) was measured

in angioplasty patients. It was found that in patients who did not de-

velop restenosis, MPC-1 reduced much quicker than in the restenosis-prone

group. For this reason, three inflammation responses were simulated in our

computational models: a prolonged (high) and shortened (low) source of

inflammation corresponding to the restenosis and no restenosis groups in

the above study respectively, and an intermediate response, which lay half-

way between both responses, as tabulated in Table 4.3.
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Figure 4.5: Stress versus remaining life (number of cycles to failure, Nf)
for porcine coronary artery. Crosses indicate experimental data from
McLoughlin (McLoughlin, 2008), The solid lines show the fitted bilinear
model; the horizontal line indicates the fatigue strength, σ0 = 90 kPa, the
y-intercept is the failure strength, σf = 1417 kPa, and the slope, α, is -187.

84



4.2.7 Balloon expansion calibration

A simulation of balloon expansion was used to estimate matrix production

and cell proliferation parameters by comparing the response to human

data (Schwartz et al., 1996). In that paper, the number of cells over time

post-angioplasty was estimated from the restenosis area measurements and

the known concentration of SMCs in restenotic tissue. In the analogous

simulation, a 2D cylindrical, isotropic hyperelastic artery with inner radius

1 mm and outer radius 2 mm was expanded by applying a displacement to

the inner lumen surface to achieve an expansion ratio (maximum dilated

diameter/initial lumen diameter) of 1.4. The parameters which control

cell proliferation (kg, dg) as well as the matrix production and migration

parameters (ke and emin) were calibrated to achieve an accurate model

match for cell numbers and neointimal area (Table 4.4). To calculate the

mean response of the model, ten simulations were run at each parameter

combination, and the mean of the results was calculated.

4.2.8 Stent expansion

To simulate stent expansion, an analytical rigid body representing a stent

strut with circular cross-section was displaced radially into the wall of the

artery (Fig. 4.6). The stent strut was assumed to have a circular cross-

section and a diameter of 150 µm. To analyse the effect of increasing the

extent of stent expansion on the degree of restenosis induced, the stent

radial deployment was varied between 0.17 mm and 0.88 mm. This was

performed for the three different inflammatory responses described in sec-
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Figure 4.6: The geometry of the idealised artery and stent (left). A cross-
section of a symmetrically stenosed artery is shown with six stent struts.
A 1/6 segment is considered due to symmetry, and this model is meshed as
shown on the right. A displacement is applied to the strut, and the upper
and lower surfaces of the mesh are restrained circumferentially.

tion 4.2.6 above.
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Table 4.1: Mechanical and fatigue parameters

Parameter Unit Value
α kPa -187
σf kPa 1417
σ0 kPa 90
N day−1 1

Table 4.2: Cell parameters

Parameter Unit Value
csmc % 50
psmc day−1 .24
vsmc µm.day−1 .48
kd day−1 0.2
rmax µm .0255

Table 4.3: Inflammation parameters, showing high, intermediate and low
responses

Parameter Unit Value
km day−1 (H: 0.0043, I: .04, L: 0.2)
kdeg day−1 (H: 0.98, I: 0.4, L: 0.9)

Table 4.4: Balloon angioplasty-derived parameters

Parameter Unit Value
kg day−1 .04
dg day−1 .011
ke day−1 0.025
emin 0.11
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4.3 Results

4.3.1 Inflammation model

In case (i), where an initial stress is applied and removed, damage decayed

exponentially to zero, while extracellular matrix reduced exponentially to

a final value of e(t = 0)−D(t = 0) (Fig. 4.7). Therefore D, in this case, is

a measure of the quantity of injury in the artery which must be removed.

In case (ii), when a constant stress is applied, damage never stabilises and

accumulates eventually to 1; the rate of accumulation is higher for higher

stress magnitudes (Fig. 4.7). At low stresses, the extracellular matrix is

not significantly altered, whereas at high stresses all the material is re-

moved rapidly. Case (iii) is in between cases (i) and (ii) depending on the

stress relaxation prescribed (Fig. 4.7); the damage accumulates with pro-

longed stress, whereas with less-prolonged stress, damage can be removed.

In case (iv), the stretch to which the artery is exposed determines whether

damage accumulates or decays, and by how much (Fig. 4.7). A long-

term stress-relaxation-type response is found, where the stress reduces to

a homeostatic stress state at a rate which depends on the initial magnitude

of the stretch.

4.3.2 Balloon expansion calibration

The calibration gave a reasonable match to the experimental data of Schwartz

et al. (1996) in terms of the number of SMCs found over a 350 day pe-

riod (Fig. 4.8). In particular, an initial rapid proliferation rate gradually
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Figure 4.7: Case (i): An initial stress is applied and removed. Damage
is initiated abruptly, and decays exponentially to zero, while extracellular
matrix decays exponentially to e = e|t=0 −D|t=0. Case (ii): A constant
stress is prescribed, leading to complete ECM removal at a rate dependant
on the stress applied. Case (iii): A decaying stress is prescribed. Case
(iv): A constant stretch is prescribed, which leads to stress-relaxation.
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decreased to zero over the course of the simulation. The smooth muscle

cells in the injured region modulated their phenotype after approximately

5 days, and began migrating, proliferating and producing extracellular ma-

trix. The maximum proliferation rate achieved was most affected by the

parameter psmc, while the final cell number and time to peak proliferation

rate (approximately 10 days in the baseline simulations) were most affected

by the parameters affecting growth factor kinetics (dg and kg).

The simulations produced a final cell distribution in which there was a

gradient of cell concentration through the thickness of the neointima, with

the injured media having the most cells, and the surface of the neointima

having less (Fig. 4.9).

4.3.3 Analysis of stent expansion

The model predicted a nonlinear relationship between neointimal area and

initial lumen gain. Below a lumen area of 6 mm2, restenosis was mini-

mal, but for gains greater than that, neointimal hyperplasia and restenosis

increased with initial lumen gain (Fig. 4.10).

The simulations results were not deterministic, allowing a prediction

of the variability in the restenosis developed (Fig. 4.10). The level of

inflammation affected the relationship between restenosis and stent area,

with high inflammation inducing more restenosis and a greater dependency

on stent area with high inflammation, as can be seen from the final slope

of the curves (Fig. 4.10).

Lattice variables are plotted in Fig. 4.11 for the high inflammation
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Figure 4.9: Diagrams of lattice state over time after balloon angioplasty
(i.e. no stent). The background colour indicates concentration of extra-
cellular matrix (e). The spheres indicate the positions of cells, while the
colour indicates phenotype (green contractile to red synthetic). A band of
injury forms at the lumen surface due to balloon expansion, from which
cells proliferate and migrate into the lumen over time.
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case, indicating lumen narrowing within the stent.
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Figure 4.10: The amount of restenosis (neointimal area/initial lumen
area*100%) as a function of initial lumen area (i.e. the area within the
expanded stent). Five simulations were conducted at each point with vari-
ation occurring due to the stochastic cell activity model. In the high in-
flammation case, parameters controlling inflammation were calibrated to
produce long-term inflammation, while in the low inflammation case, these
were selected to produce a removal of damage within 15 days.
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Figure 4.11: Diagrams of lattice state over time after stent expansion,
showing SMC activation and proliferation leading to lesion formation and
restenosis over time. The background colour indicates concentration of
extracellular matrix. The spheres indicate the positions of cells, while the
colour indicates phenotype (green contractile phenotype to red synthetic
phenotype).
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4.4 Discussion

A computational simulation methodology has been described which cap-

tures key characteristics of lesion growth within arteries subjected to non-

physiological mechanical forces. It can predict outcomes with respect to

how stent expansion affects the final restenosis within an artery. The model

produced rapid neointima formation and cell proliferation in the first few

weeks post-implantation, approaching a steady state after 6 months in an

artery after balloon expansion. The model could be calibrated against the

neointimal area and cell quantity data measured after PTCA. With this

calibration done, the model was then applied to stenting.

In the analysis of stenting, a nonlinear relationship between lumen gain

due to stenting and subsequent restenosis was predicted. In a clinical study

of the effect of stent expansion on restenosis, a more linear trend was found

(Farb et al., 2002). The differences between the simulation setup and the

clinical environment may explain this discrepancy. In the clinical study,

several stent types were used, the targeted lesions were highly variable in

structure, and the individual patients may have had varying inflamma-

tion responses, all of which contribute to the high amount of variability

in outcome. These sources of variability have not been included in the

simulations described here. Our study was an attempt at a mechanistic

model of the biological processes involved in restenosis; using as few pa-

rameters as possible, while remaining physically relevant. The simulation

is made up of modular algorithms for key biological processes, which can,

in principal, be independently validated.
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Previous models have not accounted for cell activity explicitly; instead

volume change is related phenomenologically (e.g. directly) to stress (e.g

(Rachev et al., 2000)). However, the complex interactions between stress,

cells and their environment is important. In other cell-based models (Ca-

iazzo et al., 2009; Evans et al., 2008; Lally and Prendergast, 2006), the

cells are represented (either as discrete bodies, or a diffusible species), but

the extracellular environment is not; the behaviour of these cells is directly

linked to their mechanical environment, which assumes a mechanotrans-

duction mechanism. The importance of extracellular species (modelled

here as e, g, and m) can be seen from the drugs that target them, such as

anti-proliferative drugs, MMP inhibitors, extracellular matrix production

inhibitors, etc. If we are to capture these processes in silico, the explicit

modelling of extracellular species is a crucial first step. For example, an

antiproliferative drug could be simulated as a substance produced at the

surface of the stent, and which diffuses through the tissue. This drug could

inhibit the proliferative activity of cells (adding a new term in Eqn. 4.9)

in a dose-dependant way, and decay over time.

There are limitations with the present modelling approach. The FEA

described here idealises the artery to a single-layered, atherosclerosis free,

isotropic hyperelastic cylindrical vessel. This could be improved with bet-

ter material models and patient-specific geometries (Holzapfel et al., 2002).

Another limitation is that the fatigue data is based on tests performed at

three test levels in the circumferential direction. More comprehensive data

relating the stress/strain in the tissue to injury would allow more accurate

predictions. Other damage-mechanics models may prove more suitable to

97



the once-off injury source which is a characteristic of balloon expansion,

and perhaps also stenting. For this reason, more work is needed to define

the injury and damage behaviour of vascular tissues. Another limitation

is that the inflammation model is based on an assumption that inflamma-

tory factors are produced at a rate proportional to the injury. In reality,

the inflammation is brought about by several cell types, each with their

own specific proliferation, metabolic and migratory behaviours. As more

is known about the activities of these cells, this information can easily be

incorporated by adding a new cell type/types.

The algorithms governing smooth muscle cell behaviour are rudimen-

tary, as there are many other stimuli for SMC behaviour, such as oxygen,

Nitric Oxide, heparin and many others, as well as direct mechanical sig-

nalling through stretch (Moore et al., 2001). The extracellular matrix

variable currently encompasses all extracellular species which, in reality,

consists of a diverse array of constituents, and each component may af-

fect cell behaviour differently. For example laminin and fibronectin are

found to have opposite effects on cell phenotype, and the ratio of these

species is shown to change throughout restenosis development (Thyberg

et al., 1997). In the simulations presented here, extracellular matrix was

considered a variable which sought to define the conduciveness of the envi-

ronment to the contractile phenotype. Similarly, the growth stimulus term

could be further subdivided into diverse chemical agents, as could the ma-

trix degrading factor variable. Biomolecular species have previously been

modelled as diffusible (e.g. (Bailón-Plaza and van der Meulen, 2001), see

(Murray, 2002)), which has not been considered in this study. However,
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when considering that many biomolecules have short half-lives, it may not

be valid to model their dispersal using diffusion. Instead, the cells dictate

where biomolecules are expressed, and the region in which the molecules

are present can only be changed by cell migration, phenotype modulation

or cell-to-cell signalling, all of which could be simulated in the lattice-based

approach.

In this paper, we have not introduced the environmental and genetic

variabilities which characterise many clinical trials. Lesion and artery

structure can be expected to vary in a realistic population, and often dif-

fering amounts of inflation pressure are used by surgeons. Patients may

also have differing responses to the same stimuli due to genetic variability

in cell processes. These effects have been considered recently for skeletal

tissue mechanobiology by Khayyeri et al. (2011).

The endothelium is not considered here. In a previous paper from our

group, the endothelium was modelled as a cell type which constantly prolif-

erated over the lumen surface (Boyle et al., 2010). In reality, endothelium

is also mechanoregulated (Reneman et al., 2006), and this could be incor-

porated into the future simulations as a mechanically-regulated source of

inflammatory factors at the lumen surface. For example, the production of

g and m at the surface could be dependant on the presence of endothelium,

(e.g. based on a surface migration model), and on the shear stress encoun-

tered at that position. This would require calculating fluid flow-induced

biophysical stimuli (wall shear stress, oscillatory shear index, etc.). A pre-

vious model of restenosis uses fluid flow induced stimuli to directly affect

the proliferative behaviour of smooth muscle cells (Evans et al., 2008), and
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the inclusion of this mechanism in the model proposed here may be impor-

tant for accurately modelling the restenotic response of arteries. However,

fluid flow-induced alterations alone cannot predict restenosis, as it leads

to homeostatic equilibrium when the growth lesion produces physiological

stresses. The time-course of fluid-flow induced diseases, such as vascu-

lar remodelling and atherosclerosis is also typically longer than restenosis.

Finally, arterial wall stress is not updated in the simulations applied to

the stent, i.e. injury is assumed to occur immediately post-stenting, and

assumes chronic injury build-up does not occur.

The lattice-based approach offers advantages over other modelling tech-

niques. The simulation is built up of separate algorithms which perform

specific tasks based on biological processes. Providing the inputs to these

algorithms can be controlled experimentally, these algorithms can then be

validated independently (Prendergast et al., 2010). The migration algo-

rithm, for example, requires that we know the initial concentration and

phenotypes of cells. These independent algorithms are then combined to

provide a cell-centred model. The algorithms, although based on simple

behaviour, when coupled together have been shown to produce much of

the complex behaviour found in vivo. Having these biological processes,

i.e. proliferation, phenotype modulation, etc. allows the technique to be

applied to a range of problems involving cardiovascular injury and biol-

ogy (Zahedmanesh, 2011). It may be useful to simulate stents, grafts,

and (with more biological rules and the inclusion of fluid flow) even initial

atherosclerotic development.

This paper has demonstrated the potential of the lattice-based mod-
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elling approach to the simulation of the mechanobiological response of

arterial tissue. It was shown that the model captures the key phenomena

of inflammation, cell activity and tissue production, and that it could be

calibrated against experimental results to simulate balloon angioplasty re-

sults in humans. The inclusion of key biological process opens the way for

including inherent inter-patient variability in these processes, providing a

prediction of the rates of success of a stent, rather than a deterministic

answer. By applying the fundamental model described here to stenting

procedures in 3D, we can optimise the stenting procedure to maximise

long-term lumen gain. This represents a step forward from trying to in-

fer what growth will occur from stress analyses, and has the potential to

include the bioactive properties of drug-eluting stents. In conclusion, this

method may be able to examine the interactions and trade-offs between

design options (stent geometric design, expansion method and pharmaceu-

tical action) and long-term lumen gain.
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5.1 Introduction

Many cardiovascular diseases are characterised by the occlusion of arteries

due to plaque build-up, which restricts blood flow and can lead to myocar-

dial infarction. Restoring patency to occluded vessels through mechanical

means (such as implanting a cardiovascular stent, or removing plaque) is

increasingly used as a treatment for cardiovascular disease. While accurate

models for simulating the mechanical response of arteries to stent implan-

tation have been developed, these models cannot capture the long-term

adaptive response of arterial tissue to biophysical stimuli. This response

can lead to restenosis, which is a re-blockage of the artery due to tissue in-

growth through the stent into the lumen of the vessel. In order to optimise

stent designs with respect to long-term lumen gain using pre-clinical com-

putational tools, a mechanobiological model of arterial tissue adaptation

is necessary.

Restenosis has been correlated to injury and inflammation (Kornowski

et al., 1998; Gunn et al., 2002), and a paradigm of wound-healing has been

adopted to explain restenosis progression (Welt and Rogers, 2002; Farb

et al., 2007; Geary et al., 1998). The restenotic response begins imme-

diately upon stent expansion, when damage is imparted on the arterial

tissue. The tissue is stretched circumferentially and compressed radially

beneath the stent struts (Gunn et al., 2002). Cell death and tissue tearing

may occur, and the endothelium is denuded through the shearing force
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of the stent and expanding balloon. These injuries induce a healing re-

sponse from the arterial tissue. Inflammatory cells, such as leukocytes and

monocytes, attach to the injured regions from the blood, and infiltrate the

damaged tissue. Matrix degrading proteins are expressed, which enzymat-

ically degrade the collagen and other tissue constituents. Growth stimuli

are released from the degrading tissue, from the inflammatory cells, from

the blood, and from apoptotic/necrotic smooth muscle cells. The degra-

dation of extracellular matrix has the effect of stimulating a phenotype

modulation in the SMCs; this means that the SMCs alter their pheno-

type, losing their ability to contract, becoming synthetic, proliferative and

matrix synthesising.

Optimising stent designs in relation to arterial wall mechanics has

been done before. Bedoya et al. (2006) and Timmins et al. (2007) opti-

mised stent designs by minimising the volume of tissue above critical stress

thresholds. This approach attempts to capture restenosis by predicting the

regions where adverse biological reactions are likely to occur. However, a

mechanobiological model is necessary to predict the outcome of these ad-

verse reactions, and the link between mechanics and tissue growth response

was not accounted for. Lally and Prendergast (2006) were the first to at-

tempt a predictive model of restenosis based on the damage induced by

stent expansion. In that study, a finite element model was implemented in

which the accumulation of damage was assumed to induce tissue in-growth

into the arterial lumen. The model could not predict stabilization of the

lesion; progression eventually lead to occlusion1. The mechanisms of ac-

1This is due to the modelling technique used, which was a diffusion model in which
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tion linking the damage to tissue growth was also not included; in this

respect, the model’s predictive power was limited. The technique was also

deterministic, and could not account for the intrinsic stochastic nature of

biological processes, nor the variation in patient responses to injury.

In the first study (chapter 3), a simplified model could, under spe-

cific circumstances, produce differences between stents found in vivo. In

the previous chapter, we developed, calibrated, and tested a cell-centred,

lattice-based model, which modelled the injury, inflammation and biologi-

cal response of arterial tissue to stent and angioplasty induced injury. In

order to test the practicability of using an injury-driven mechanobiological

model as an engineering design tool, the predictions of the model must

be compared to clinical trial-based tests. Hoffmann et al. (2001) gave a

detailed study of the clinical performance of three different stent designs,

which included information on the stent types, and detailed data on the

outcomes of these stents in terms of the neointimal areas produced (see

Fig. 2.3 on page 19). Kastrati et al. (2001) also analysed clinical data

for the same stent types, and ranked their performance based on a mul-

tivariate analysis of restenosis predictors. This was done by analysing

a large number of patient statistics (grouped into clinical-, lesion-, and

procedure-related variables). Any variables that were statistically signifi-

cantly different between ‘restenosis’ and ‘no restenosis’ groups were used

in a logistic regression model. This showed the MultiLink to perform bet-

ter than the Palmaz-Schatz and the NIR, with no statistically significant

difference between the Palmaz-Schatz and NIR.

the tissue boundary grew as a diffusible species entered new finite elements
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In this study, we sought to test the hypothesis that mechanical injury

stimulates restenosis, and specifically to test whether a model driven by

injury, as developed and calibrated previously, could predict the long-term

outcomes of stent design. We applied the simulation technique in 3D to

three stents similar in design to the ones studied in vivo by Hoffmann

et al. (2001), in an idealised analogue of the clinical situation. If the

hypothesis is further corroborated, and the model can predict reasonable

results, this methodology could be applied to future device design and

treatment options. It may also prove useful in identifying patients who

may be susceptible to restenosis with a given device design, allowing the

patient-specific and lesion specific matching of stents or other treatment

options.

5.2 Methods

The simulation technique used in this study was described in Chapter 4.

The technique was adapted to 3D, and applied to three different stent

designs. The artery was modelled as a cylindrical vessel, with isotropic,

hyperelastic material properties and inner and outer radii of 1 mm and

2 mm respectively. A Mooney-Rivlin formulation was used and calibrated

to the data of Lally et al. (2005), who measured the stretch response of

porcine coronary artery to uniaxial tensile stress (Lally et al., 2005). The

injury in the arterial tissue was calculated using the von Mises stress crite-

rion and a remaining life approach, in which the damage is related to the

number of cycles undertaken during a loading period versus the number of
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cycles to failure from fatigue test. The inflammatory response was mod-

elled as two variables: a matrix degrading factor (MDF), and a growth

factor (G). Extracellular matrix (ECM) was explicitly modelled as a vari-

able with a value from zero to one. The MDF simulates the removal of

extracellular matrix within the injured region, and the growth stimulus

controls the proliferation of SMCs. The production of MDF is assumed to

be linearly related to the amount of injury present, and the MDF reacts

with the ECM in a 1st order reaction depending on the amount of MDF

present (see section 4.2.2). These variables are modelled on a regular or-

thogonal lattice, which also holds the SMCs. The phenotype of SMCs is

assumed to be linearly related to the amount of ECM present in the region,

with high ECM inducing a contractile phenotype. This phenotype governs

the maximum proliferation and migration rates within the tissue. The ac-

tual probability of proliferation of a cell is dependent on the availability of

suitable neighbour sites, and the amount of growth stimulus in the region.

The growth stimulus decays exponentially over time.

Due to the size of the artery and the average size of SMCs used in

the previous study, a coarse-graining approach was necessary in the 3D

case, in order to achieve a practical solution time. The lattice used had a

characteristic length (point spacing) of 0.05 mm, compared to 0.01825 mm

in the previous model presented in Chapter 4. In this way, a scaling-up

of the lattice was performed, whereby each lattice cell represented several

biological cells, in a mesoscopic representation of the cells. The lattice

cells remain independent random walking cells, and all parameters are

conserved from the 2D model, but are scaled accordingly. In particular,
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the migration rate of the cells is related to lattice spacing, as is the initial

amount of lattice cells present2.

5.2.1 Stent Geometries

Three stent types were modelled: an open cell-type design (similar to the

commercially available MultiLink stent), a closed cell, corrugated ring-type

design (similar to the NIR stent), and a slotted-tube design (similar to the

Palmaz stent) (Fig. 5.1). These designs represent diverse stent geometries,

and cover the three stent types studied by Hoffmann et al. (2001). The full

stent can be described as a series or repeating rings, joined along the axial

direction of the stent. In the open cell design (from here on described as

MultiLink, or ML), neighbouring rings are only connected at every second

crown, while for the closed cell design (from here on described as the NIR),

each crown is connected, meaning a smaller unscaffolded region. The slot-

ted tube design (from here on described as the Palmaz-Schatz, or PS) is

made by cutting slots in a metallic tube. Each of the stent designs were

produced by drawing the print of the stent in AutoCAD to produce a 2D

sketch of the flattened stent inner surface. This was then imported into

ABAQUS and meshed, and nodal coordinates were extracted. These co-

ordinates were then manipulated from planar, Cartesian representation to

a cylindrical geometry of the inner stent surface, at which time the model

was re-imported into ABAQUS, and coincident points at the surface join

were merged. The surface was then extruded in the radial direction to

2vSMC,lattice = vSMC ·∆t/∆x lattice points per increment. For cell numbers, the
fraction of occupied lattice points is kept constant.
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produce the 3D stent. In this way, the stents had a quasi-rectangular

cross section ( consisting of two arcs from the inner and outer cylinders,

and two straight radial lines). The material model used for the stent was

an elasto-plastic model (see sec. 3.2.1). Each stent was expanded to a

balloon:artery ratio of 1.2. Finite element simulations were solved with

ABAQUS/Explicit, using a quasi-static analysis.

The simulations were performed on each of the three stents using pa-

rameters calibrated to high, low and intermediate inflammatory responses

to injury. Each stent/inflammation combination was simulated with three

replicates, producing 27 simulation runs overall.

To generate results, the cross-sectional area of lumen and neointima

was measured at several axial sections along the axis of the artery. The

total number of cells, and total volume of tissue was recorded during the

simulation.

The simulations were implemented using the MechanoBiology ToolKit

(MBTK), which is a library built upon VTK (the Visualization ToolKit)

to produce mechanobiological models using lattice-based methods (Lennon

et al., 2011).
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Open Cell (Multi Link-type)

Closed Cell (NIR-type)

Slotted Tube (Palmaz -type)

Figure 5.1: The three stents simulated. Each stent shows the unexpanded
configuration and the stent at maximum expansion, as well as a 2D repre-
sentation of the unexpanded stent cells.

5.3 Results

The finite element analysis showed that the NIR induced the highest peak

von Mises stresses (4.00 MPa), followed by the PS (3.86 MPa) and the ML
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(3.29 MPa), however, these differences are relatively small. Stresses were

highest around the stent struts, and the highest of these were at stent

crowns (Fig. 5.2). With the MultiLink, the highest stresses were induced

at the stent ends.

The injury induced at 80% expansion shows a greater amount of injury

present in the PS and NIR stents compared to the ML (Fig. 5.3), which

persists at full expansion (Fig. 5.4). Peak stresses upon removal of the

balloon and stent recoil were 1.30 MPa for the NIR stent, 0.33 MPa for

the PS stent, and 0.30 MPa for the ML stent.

The simulation produced a large amount of restenosis in the three stents

(Fig. 5.5). A gradual production of restenosis is predicted within the stent

area, eventually covering the stent, and reducing lumen area (Fig. 5.6).

The simulation predicts a gradual reduction in the amount of active cells

in the neointimal area, and predicts a relatively acellular final neointimal

area, whereas in the media and deep neointima, cells accumulated. Cell

numbers in the model at the end-point of the simulations were higher for

the NIR than the PS, and both were higher than the ML stent (Fig. 5.12).

The neointimal areas in the ML stent produced lower restenosis rates

when simulation runs were analysed (Fig. 5.10); there was little difference

found along the length of the stent between the PS and the NIR. The

extent of the differences between stents was dependant on the inflammation

present (Figs. 5.7, 5.8 and 5.9), with differences more pronounced in the

low inflammation case. The lumen geometry (combining elastic recoil and

restenosis) at the end point was substantially different between stents (Fig.

5.11).
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The volume of tissue above several von Mises stress thresholds was cal-

culated for each stent. The differences between stents was then evaluated

as the ratio of tissue above the threshold for each stent (Fig. 5.12). For

each stress criterion used, the PS and NIR stents achieved similar results

(with the greatest difference occurring when the damage limit (1.417 MPa)

was used). The difference between these two stents and the ML stent de-

pended on the level of the stress criterion used, with the differences greater

for higher stress thresholds (Fig. 5.12).

The neointimal volume within the stents depended on the level of in-

flammation (Fig. 5.13), with low and intermediate responses producing

a higher growth rate at early time points than the high response. The

final amount of restenosis was inversely related to the initial speed of le-

sion growth, and directly related to inflammation level. This data also

shows that the rate at which quiescence (a low growth rate) was achieved

was inflammation dependent; the ML, for example, becomes quiescent for

low inflammation at approximately 150 days (Fig. 5.14). The predictions

of the relative efficacies between stents were different depending on the

amount of inflammation (Fig. 5.14). The relative efficacy, measured as

the ratio of the numbers of cells produced between stents, showed that the

relationship between stents altered over time, and was related to the in-

flammation level (Fig. 5.15). The inflammation level affected the relative

performance between each of the stents, except for the relative performance

between the PS and NIR, which converged to the same value (Fig. 5.15).
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PS

NIR

ML

Figure 5.2: Contour plots of von Mises stress (in MPa) in the arterial tissue
at maximum expansion for the three stent types.
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PS

NIR

ML

Figure 5.3: Contour plot of von Mises stress (in MPa) at 80 % expansion
indicating the areas above the maximum injury, i.e. greater than failure
strength (1.417 MPa) in light grey. The dark grey regions indicate regions
of tissue below the fatigue strength of the tissue (0.09 MPa).
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PS

NIR

ML

Figure 5.4: Contour plot of von Mises stress (in MPa) at full expansion
indicating the areas above the maximum injury, i.e. greater than failure
strength (the value at which number of cycles to failure is predicted to be
one, i.e. 1.417MPa) in light grey. The dark grey regions indicate regions
of tissue below the fatigue strength of the tissue (0.09MPa).
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NIR MultiLink Palmaz

Artery
Stent struts

Neointima

SMCs

Figure 5.5: A plot of the lattice models showing 1/8 of the full model.
Above, the lattice representation of the artery and stent immediately post-
stenting. Centre, showing the neointimal volume superimposed on the
original geometry. Bottom, the lattice with SMCs at the end point of the
simulation.
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Figure 5.6: Simluation plot of the lattice over time in the simulation of all
stents, a section of a z-normal plane at the midsection of the stent. This
plot shows the distribution and phenotype of cells. Neointima is in grey.
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Figure 5.7: The cross sectional area of restenosis within the stents along
the axial direction. This figure is for the high inflammation case.
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Figure 5.8: The cross sectional area of restenosis within the stents along
the axial direction. This figure is for the intermediate inflammation case.
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Figure 5.9: The cross sectional area of restenosis within the stents along
the axial direction. This figure is for the low inflammation case.
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Figure 5.10: The cross sectional area of restenosis within the stents along
the axial direction. This diagram combines all data from high, low and
intermediate inflammation for each stent.
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Figure 5.11: The lumen cross sectional area at the end of the simluations
for each stent, with all data from each inflammation level included.
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Figure 5.13: Volume of neointima within the MultiLink stent over time for
the three inflammation rates. Similar trends were found for the Palmaz
and NIR stents (not shown).
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Figure 5.14: Volume of neointima within the three stents over time for
both the low and high inflammation states.
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Figure 5.15: A plot of the ratio of the amounts of neointimal cells between
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of 1 indicated no difference between the stents.
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5.4 Discussion

The hypothesis that vessel wall stress stimulates restenosis growth in stents

through injury was tested using a computational mechanobiological model

for the injury response. The technique predicted the same ranking of

stents as two clinical studies (Hoffmann et al., 2001; Kastrati et al., 2001),

with the open-cell, MultiLink-type stent outperforming the slotted-tube,

Palmaz-type stent, which outperformed the closed-cell, NIR-type stent in

terms of neointimal area (on average). The simulations predicted less of dif-

ference between the PS and NIR stent than between the ML and PS stent,

in terms of both tissue volume/area and cell numbers. The magnitude of

the differences between the stent designs was greater when considering cell

numbers, and closely matched the spread of data of the clinical trial (Fig.

5.12).

The clinical study of Hoffmann et al. (2001) showed large variations

in the neointima formed in the stents, so much so that a statistically sig-

nificant difference in neointimal area along the axis of the stent was not

obtained between the stents. This variability may come from the inher-

ent variability between patients in terms of lesion size, biological response,

procedural variability, etc., which were not included here. The simulations

described here showed a similar trend to the clinical studies when the stents

are compared using cell numbers produced (Fig. 5.12). However, the dif-

ferences between the NIR and PS in the model was not as pronounced as

between the InFlow and the PS in the Hoffmann study. The InFlow stent

is similar to the NIR, but has a more complex geometry, which was not
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accounted for in this study. The model described here may not account

for some of the differences between stent designs. In particular, many cor-

rugated ring stents can have a more rounded cross-section strut, while the

Palmaz slotted tube stent is rectangular. This may have an important part

to play in cell migration around the stent. The number of crowns in the

stents was constant for all three stents modelled here, but this may not be

the case for the stent designs considered.

Our simplified model in Chapter 3 predicted a large difference between

the four and six crown stents, while this study shows a less pronounced dif-

ference when crown configurations are the same. The expansion ratio may

have a large effect on predictions, as the injury pattern produced at 80 %

expansion looked significantly different between stents (Figs. 5.3 and 5.4).

The differences between the stents may be more pronounced when consid-

ering patient-specific, complex lesion geometries and material properties,

differences which may not show up in the straight, idealised artery model

used here. The relatively small differences in neointima predicted between

stents may, however, be close to the clinical reality, as several papers on the

relative performance have pointed out that significant differences between

current stent designs have been difficult to identify (Edelman and Rogers,

1999; Windecker and Meier, 2001).

The study described here did not include some important character-

istics of stent implantations in clinical practice. There was no variability

in the geometry or material properties of the host vessel, which was ide-

alised, isotropic and homogeneous. This is important for gaining an accu-

rate prediction of injury, but also to be able to predict the initial biological
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configuration of the artery. For example, the plaques of most arteries can

have a-cellular regions, or regions with foam cells, and not SMCs. The dis-

tribution of SMCs was assumed to be constant in the arteries. The stent

geometries and expansion methods could be adapted to be more realistic.

This study demonstrates the use of computational simulation tech-

niques to predict the mechanobiological reaction of arteries to stent implan-

tation. It offers a pre-clinical technique capable of including the patient’s

restenotic reaction to stenting, and offers scope for including inter-patient

variability in the reaction to injury. The technique could be adapted, with

more complex mechanical models, to patient-specific lesions.
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A computational model of neointima formation based on injury was

capable of predicting many of the important characteristics of restenosis

formation after stent implantation. It predicted non-linear lesion growth

with time, a dependency on the number of stent struts, and on stent ex-

pansion diameter. This work corroborates the hypothesis that injury is a

major factor in restenosis development, and can be used to predict differ-

ences between stents. The model was calibrated to experimental findings,
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and was applied to both angioplasty and stent implantation. The model

could differentiate between stent designs and was corroborated with clini-

cal performance data.

Inflammation was shown to have a large effect on the model predictions,

and the hypothesis that the level of the inflammatory response affects the

correlation between injury and restenosis was corroborated. This suggests

that current stent design performance relative to other stent designs may

be dependant on the inflammation response intensity.

6.1 The Stimulus for Restenosis

The amount of vessel wall stress has been linked in this thesis to tissue

growth using the hypothesis that injury stimulates neointimal formation

through inflammation induction. In contrast, it has also been hypothesised

that mechanical stimuli imparted on the vessel wall may directly regulate

SMC behaviour, and that stent-induced neointima is a functional response

of the artery to restore homeostatic mechanical stimuli1 (Glagov et al.,

1993; Glagov, 1994). Rachev et al. (2000) later used this hypothesis as a

basis for their mathematical model. A similar distinction can be seen in

skeletal tissue, whereby bone can adapt to a mechanical stimulus by remod-

elling its internal structure over time (Huiskes et al., 1987). However, when

a fracture occurs, callus growth and differentiation becomes the more dom-

inant phenomenon (Frost, 1989). Experimental studies have shown that

the vessel wall remodels in response to changes in blood pressure (Zhuang

1This is in the category of remodelling in response to mechanical load, as opposed
to modelling, where new tissue is laid down.
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et al., 1998). However, the tissue alters in a long-term, controlled, and

remodelling-type process, where the structure of the vessel wall remains

organised (Glagov, 1994). In comparison, the pathobiology of restenosis is

far more analogous to wound healing (Forrester et al., 1991; Geary et al.,

1998). Neointima, a structurally distinct layer from the media, is produced,

rather than increasing medial layer thickness.

Fluid flow generated wall shear stress has been suggested as a key me-

diator in restenosis development, with neointima being a tissue response to

un-physiological wall shear stress (see, for example Wentzel et al. (2003)).

This hypothesis was tested by Caiazzo et al. (2009, 2011), using a com-

putational model in which SMC proliferation was limited by high wall

shear stress. They found that the restenosis growth arrested when the

wall shear stress reached the prescribed homeostatic value. Such a directly

regulated lesion would not be a danger, unless the fluid flow homeostatic

stimulus changed to some un-physiological value. This means that such

phenomenological linking between fluid flow and tissue growth provides

little predictive power, unless the nature of the changes in the homeostatic

stimulus value is understood. If a more mechanistic modelling approach

were used, the endothelium could be studied and included as an interacting

component of the artery, alongside the injury model described here.

6.2 Limitations

The injury prediction relies on the accuracy of the finite element model.

The models used in this thesis assumed the arterial tissue to behave as
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an isotropic, hyperelastic, homogeneous cylinder. While this provided a

first approximation for injury distribution within the stent, much work

has been done in the research community on refining the accuracy of stent

implantation models. In particular, the modelling of the anisotropic artery

layers and plaque would improve the stress calculations. This complexity

would require a further understanding of the injury/damage behaviour of

these materials.

Injury was predicted using a compressive stress threshold (chapter 3),

and a remaining-life damage mechanics model (chapter 4). This predic-

tion could be improved by accumulating more data on the compressive

thresholds and damage accumulation within arterial tissue. Other injury

prediction models may provide a more accurate prediction, such as a model

to predict tissue rupture, or low-cycle fatigue models.

In the studies performed as part of this thesis, two data sets for arterial

tissue were used. In the first study (chapter 3), the artery was modelled

based on the material properties of human arterial tissue, combined with a

compressive stress threshold from rat skeletal muscle. While this enabled

an estimation of the amount of cell death - and hence injury - it could not

capture mechanical tissue damage, or a continuous damage distribution

in the artery. Study 2 (chapter 4) improved upon this model by using

a damage-mechanics approach based on data for porcine coronary artery

tissue. While, ideally, both the damage accumulation data and the tissue

properties would be from humans (and layer-specific), no human damage

accumulation data is currently available. Instead, the porcine damage

accumulation data was used in conjunction with porcine arterial tissue
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data. Due to the higher stiffness of human tissue, combining this model

with porcine damage data would lead to much higher injury in the arteries,

and further reduce the differences between stents. While both of these

studies provided reasonable estimates of injury in the artery, more accurate

models may be needed to further refine the predictions.

Inflammation was modelled in this thesis using phenomenological mod-

els; in chapter 3, as an initial amount of inflammation (MDFinit and Ginit),

and in the other sections as a set of ordinary differential equations. This al-

lowed the study of the effects that varying the inflammatory response had

on restenosis. In future, the inflammation step could be reimplemented

with a more mechanistic model, by introducing new cell types and algo-

rithms based on inflammatory cells. This may allow the use of data on

inflammatory cells to inform the model.

While the lattice model already produces much complex behaviour at

the tissue level, many aspects of the arterial wall system have not been

included. The relationships that were modelled were selected based on the

experimental literature, and could be expanded. The direct mechanoregu-

lation of SMCs and the organisation of tissue into anisotropic layers may

become important if simulations are run over longer time periods. The

environmental variables (ECM, MDF and G) are generic species which

represent many diverse components of the arterial system. As more quan-

titative information on these components becomes available, it could be

integrated into the framework described here.
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6.3 Role of Inflammation in Restenosis De-

velopment

In this thesis, the inflammation response to injury was explicitly included in

the simulation of restenosis; in the first study, through the initial amounts

of matrix degrading factor and growth stimulus and, in the other studies,

as a set of ordinary differential equations. The amount of inflammation

response was simulated as a phenomenological set of variables adapted

to some experimental findings. Even with this phenomenological model,

interesting relationships were found. The duration and intensity of the in-

flammatory response to injury was shown to have an effect on the amount

of restenosis, which agrees with the correlation found in vivo (Cipollone

et al., 2001). The results from the first study (Chapter 3) showed that

the differences in restenosis between stents was affected by the level of in-

flammation. If this finding is corroborated in vivo, we may need to know

the inflammatory phenotype of the patient in order to accurately predict

stent relative efficacies. This result could help explain why results found

in animal models, which could be assumed to have a lower inflammation

response than aged patients, do not often translate to the clinic (Johnson

et al., 1999). If this is the case, and if inflammation varies within a popu-

lation, it suggests a role for screening for inflammatory phenotype before

implantation. It may also pave the way for population-based pre-clinical

trials in silico. Instead of a deterministic comparison of stent designs

based on mechanical and geometric analyses, a randomly varying popu-

lation could be simulated to predict the end point of the clinical trial.
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This could show which stents behave better in a random population, or

help with the design of patient-specific stents, as well as identifying at-risk

patients who may not be suitable for stent implantation.

The second study (Chapter 4) showed that inflammation increased the

correlation between expansion ratio and subsequent restenosis. This find-

ing suggests that as inflammation response increases, the stent design be-

comes less important, while the level of expansion takes a larger role in

stimulating restenosis, which may have important implications for device

and treatment design. For example, the patient’s inflammatory reaction

may dictate which device is best, or if implantation pressure needs to be

limited, or if other treatment types are more suitable.

6.4 Modelling the Extracellular Environment

This study represents the first time extracellular biochemical stimuli have

been included in a simulation of restenosis. The model included a variable

for extracellular matrix, a growth stimulus variable and a matrix degrada-

tion variable. These represent biological factors that have been shown to

have an important role in restenosis development (see Fig. 6.1).

The extracellular matrix has been shown to affect SMC phenotype

(Thyberg, 1996), and so plays a key role in the regulation of tissue growth.

The ECM is also a major constituent of neointima in terms of tissue vol-

ume, and neointima can progress even with relatively low proliferation

rates (O’Brien et al., 2000), indicating the need to model its production

explicitly.
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The growth stimulus represents an attempt to model the time-course

of smooth muscle cell proliferation. The proliferation of SMCs had been

shown to require external stimuli (Thyberg et al., 1990), and to be con-

trolled by reducing the amount of that stimulus (Lindner and Reidy, 1991).

As stent design may affect where, how much and for how long these factors

are released, knowledge of them is essential to accurately predicting the

tissue response. The matrix degrading factor (MDF) represents a key link

between inflammation and SMC phenotype in that MDF degrades ECM,

which leads to a phenotype change (Fig. 6.1). Phenotype modulation is

an essential step in neointima formation, and may be controlled by many

factors, but one important factor is ECM composition.

The inclusion of these extracellular stimuli represents a new technique

for modelling the restenotic response as a network of interacting variables.

It opens the way for the simulation of treatment methods which alter these

parameters, such as drug eluting stents and balloons. These devices allow

the local delivery of anti-proliferative agents to the vessel wall, either from

the stent struts, or the surface of a balloon. The key variables in these

techniques are the spatial and temporal distribution of the drug in the

tissue. Up until now, it has not been possible to look at drug elution, injury

and cell activity together, except in animal models, where the reaction to

anti-proliferative drugs is very different to humans (Schwartz et al., 2004).

With the techniques described in this work, the effects of drugs can be

simulated by modelling a drug as another interacting, diffusing species.
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Figure 6.1: System diagram of the mechanoregulation of arterial tissue,
showing the cascade response to injury, and showing how fluid flow and
chronic stimuli might be incorporated. The solid black arrows show the
model described in this thesis. Vessel wall stresses induce injury (D),
which promotes inflammatory factors (G and MDF). The MDF in turn
alters the extracellular matrix (ECM), which leads to SMC phenotype
modulation. Growth factor stimulates these SMCs to proliferate, and the
ECM is increased, leading to tissue growth. The dashed line represents the
path for mechanoregulatory feedback, whereby tissue alterations modify
the stress regime. The red paths indicate a possible approach for including
fluid-flow regulation, through the proliferation and regulation of ECs, and
the production of inflammatory factors.

6.5 Discrete, Dynamical Modelling

At the tissue level, we can measure stress (predicted using continuum as-

sumptions), and the growth of the material boundary. Many tissue-level

139



growth models seek to model this boundary growth as a stress-regulating

phenomenon at the continuum level (Alastrué et al., 2008; Kuhl et al.,

2007; Rachev et al., 2000). Such a modelling approach assumes that the

arterial tissue tends towards a homeostatic equilibrium using negative feed-

back to reduce deviations; a behaviour usually represented with low-order

mathematical laws (Murray, 2002). One of the central difficulties with

homeostasis-type models when describing the effect of a mechanical per-

turbation is that they tend to predict that the system returns, or strives

to return, to the original/optimal stimulus. In contrast, many biological

systems can be seen as an interaction of autonomous entities linked in

a discrete, dynamic process (Weinans and Prendergast, 1996). The be-

haviour of the system is represented as a network of interacting agents

(cells) and environmental stimuli. The agents alter their behaviour based

on the local environmental cues, and any tissue-level phenomena are as a

result of the self-organising properties of the system. The great benefit of

this sort of modelling is that the behaviour of the whole model need not

be represented with a mathematical analogue. Rather, the behaviour of

the model can be far more complex than the individual components mak-

ing up the model, or any postulated mathematical form. The stochastic

nature of the cell behaviours (proliferation, migration, etc. ) can also be

included, leading to stochastic model predictions more representative of an

organism’s response.

Continuum modelling remains a useful assumption for many aspects of

mechanobiological modelling. In this work, continuum stress assumptions

were used as a basis for the computation of stress in the arterial tissue,
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which was then calculated using the finite element numerical method. The

damage, MDF and ECM variables are also considered as continuum vari-

ables, with their values ‘sampled’ at all lattice sites. These continuum

assumptions suit current numerical methods and experimental data on

material’s elastic and damage properties.

6.6 Mechanobiological Modelling as a De-

sign Tool

The end goal of angioplasty and stenting procedures is to produce a long-

term, stable, patent lumen geometry. Stent designs can achieve this by:

• Improving the scaffolding behaviour to maximise post-implantation

geometry, thereby trying to offset the neointima produced,

• Minimising the amount of injury caused to the vessel in order to

provoke a minimal wound healing response,

• Neutralising the injury response with pharmacological agents.

Each design consideration, such as the numbers or connectivity of struts,

affects each of these characteristics, and so it is very difficult to predict

the effect of a design change when using preclinical models which treat

these characteristics in isolation. The results from this thesis show that

strut numbers have a large effect on restenosis, while stent cell design has

a less dramatic effect. However, these types of design rules may be very

specific to the application, particularly the geometry of the host artery.
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For this reason, the mechanobiological modelling approach investigated

here represents an early step towards a design tool capable of predicting

the restenotic response to a stent. This could then be used to optimised a

stent design and to inform guidelines in general stent design.
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Chapter 7

Conclusions

7.1 Main findings of this work

The aim of this thesis was to test the hypothesis that arterial neointima

formation in response to stent implantation and balloon angioplasty is

injury-driven. A computational model was developed based on this hy-

pothesis using discrete cell-based simulations in a lattice, applied to sev-

eral biomechanical procedures, and compared to experimental studies. The

main conclusions of this work are:

• An injury-driven model of restenosis development predicts phenom-

ena at the tissue level concurrent with pathological studies of resteno-

sis in vivo: non-linear lesion growth with time, higher neointima at

stent struts, a correlation between the number of struts and resteno-

sis, and between the level of stent expansion and restenosis.

• The inflammatory reaction of the artery affects the amount of resteno-
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sis produced by stenting, with higher, more chronic, inflammation

reactions producing more neointima.

• The differences between stent designs in the amount of restenosis they

induce is affected by the intensity of the inflammation reaction. A

higher intensity reaction masks the differences between stent designs.

• The extent of stent expansion affects the amount of restenosis pro-

duced, with this correlation increasing with the intensity of the in-

flammatory response.

• The first study produced larger differences between two stents dif-

fering in strut number than the third study did between three stents

with the same strut numbers, but differing stent cell geometries. This

indicates that the number of struts is a key design consideration.

• The design of treatments for ischaemic heart disease could be im-

proved by optimising for long-term outcomes through the applica-

tion of computational simulation techniques. The approach has the

capacity to include the effects of drugs on the development of neoin-

tima.

7.2 Future work

This work represents an early step in the development of computational

techniques for the study of restenosis, and for the preclinical prediction

of mechanically-induced tissue growth. Some of the most important next

steps include:
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• Gathering more information on the injury produced by mechanical

loading. The damage mechanics data used in this study could be re-

inforced with more testing over more stress ranges, on human arterial

tissue, and on individual tissue layers and plaques. Other damage

models and tests could be investigated and performed, such as creep

damage tests or tearing analyses. The levels of stress could be re-

lated to cell death in tissue samples in vitro, such has been performed

by Gefen et al. (2008) on tissue constructs of skeletal muscle. This

would entail exposing tissue to measurable loading while measuring

cell death using markers for cell death. This could be related to

continuum stress measures, such as minimum principal stress, cal-

culated in a Finite Element model, establishing the relationship be-

tween stress and cell damage.

• Quantifying the relationship between injury and the subsequent in-

flammation cascade must be elaborated and quantified. This would

require measuring markers of inflammation in vivo after quantifiable

injury is imparted. For example, balloon expansion to specified di-

ameters, followed by measurement of monocyte infiltration. In vitro

organ culture may also be a useful method for measuring the initial

response of arterial tissue.

• Adapting the procedure to patient-specific applications. This will

allow more detail of the arterial geometry and distribution of cells

in a patient to be included in the model. This sort of analysis may

reveal sensitivities which do not arise in the idealised model. The
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model could also be applied to a clinical trial-type scenario, where

patient parameters vary randomly according to clinical statistics.

• Investigating fluid flow stimuli. The endothelium model from the

first study could be adapted to be mechanoregulated by fluid flow-

induced shear stresses, calculated using a computational fluid dynam-

ics model, such as the Lattice Boltzmann Method used by Caiazzo

et al. (2011). The biological action of the endothelium could be im-

plemented as a source of growth factor and matrix degrading factor

at the lumen surface as a function of wall shear stress (Fig. 6.1).

• The injury prediction may also be updated over the simulation if the

magnitudes of stress indicate a chronic source of injury. This would

require stress-update steps and a modelling technique for the removal

of degraded tissue and addition of new material to the artery wall,

as these processes would alter the stress regime in the tissue.

• Including drug elution. As described in the above discussion, drug

elution from the surface of the stent, and its interaction with the bio-

logical components could be studied by introducing a new, diffusible

species.

• Refining the inflammation model. This could be refined to explic-

itly model the activities of inflammatory cells based on experimental

findings in vivo and in vitro using new cell types and behavioural

algorithms.
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