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Abstract

The mechanisms behind in-stent restenosis, the re-narrowing of a stented artery, are poorly
understood. However it is known that mechanical damage due to stent implantation plays a
major role. This paper investigates the mechanism behind damage-induced cell proliferation
using a coupled finite element and agent based model, assuming it is based on a) instantaneous
loading, or b) cyclic loading. Furthermore the role of remnant endothelial cells in attenuating
in-stent restenosis is examined. Results show that a cyclic damage model predicts a non-
physiological, overly proliferative response, whilst the instantaneous model demonstrates that

lumen loss may be regulated by re-endothelialisation.
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Acronyms

BMS — bare metal stents

DES — drug eluting stents

EC — endothelial cell

ECM - extracellular matrix

FE — finite element

ISR — in-stent restenosis

ODE - ordinary differential equation

VSMC - vascular smooth muscle cell

1 Introduction

Cardiovascular diseases are a leading cause of death in the U.S. and Europe [1,2], with coronary
atherosclerosis accounting for approximately 20% of all European cardiovascular diseases [2].

Intravascular stents are the most commonly used treatment for atherosclerosis induced
vascular stenoses, with over one million procedures performed annually in the U.S. alone [3].
The most significant long-term limitation of stenting is in-stent restenosis whereby excessive
migration and proliferation of vascular smooth muscle cells (VSMCs) decreases the lumen
cross-sectional area post-stenting, see Figure 1 [4]. There is a strong correlation between the
degree of stent arterial injury, and the subsequent decrease in lumen area due to restenotic
growth [4—6]. Therefore stent designs need to be optimised to minimise the degree of vascular
injury. The advent of drug eluting stents has decreased the rates of in-stent restenosis,
particularly in coronary arteries [7]. Given that there are some limitations with drug-eluting
stents, however, such as late thrombosis, and their limited suitability in peripheral stenting

applications, the optimum stent design still remains an open question [5,7,8].
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In order to develop strategies to improve stent designs and minimise in-stent restenosis,
it is critical to obtain a thorough understanding of the mechanobiology of arterial tissue, i.e.
how cells within arterial tissue respond to changes in their mechanical environment which may
be induced by a stent. After stent deployment, quiescent, contractile VSMCs are believed to
change their phenotype to proliferative, synthetic VSMCs (Figure 1A) and it is these synthetic
cells which are believed to migrate to the lumen and form a restenotic lesion (Figure 1B) [5,9].
Damage to the surrounding extracellular matrix (ECM) has been shown to effect changes in
VSMC phenotype and activation [10]. Matrix-degrading metalloproteinases (MMPs) degrade
collagen in the ECM and have also been shown to regulate VSMC behaviour [11]. Variations
in mechanical strain, which occurs following stenting, has also been shown to upregulate
MMPs and lead to degradation of ECM [12]. Furthermore the presence of remnant endothelial
cells post-stenting can limit the restenotic response [13]. Hence there is a complex, dynamic
relationship between the mechanical environment induced by deployment of an intravascular

stent, and the response of arterial tissue and the constituent VSMCs.
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Figure 1

Schematic which broadly outlines the biological processes involved in bare metal ISR. A) The stent strut
denudes ECs and causes the underlying normal, contractile VSMCs to change their phenotype to synthetic
VSMCs. B) These synthetic VSMCs are highly proliferative and envelop the stent strut. C) ECs form a
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monolayer over the inflamed region causing the synthetic VSMCs to change back to a contractile phenotype,
and ultimately ceasing VSMC proliferation and further loss of lumen area.

One approach to modelling the complex mechanobiological response of VSMCS to
their mechanical environment is to use multi-scale models. To-date, such multi-scale modelling
approaches have included using agent based models (ABM) or cellular automata (CA) to model
the biological vascular cell processes coupled with finite element models (FEMs) to estimate
the mechanical stimuli driving the cellular processes [14—18]. Earlier work from our group
used a coupled ABM-finite element (FE) model to study both intimal hyperplasia (IH) post-
bypass grafting [15] and stenting [14], whilst a linked group investigated the role of
inflammation and IH post-stenting using a coupled CA-FE approach [16,19]. Though stent
induced vascular injury has been extensively identified as the predominant stimulus for
inducing and maintaining synthetic VSMC proliferation and restenotic neo-intimal growth
[20], the specific mechanical stimulus analogous to this vascular injury has remained in
question. Injury scores have been devised to predict neo-intimal thickness based on: deep tissue
injury [9], compression of the media [21], and stretch of the internal elastic lamina [6].
Additionally, VSMCs have been shown to alter their behaviour, e.g. phenotypic changes,
production of ECM and proliferation, with changes in cyclic strain [22,23]. Given the lack of
consensus in the literature on the specific mechanical stimuli driving vascular injury, and
ultimately the in-stent restenosis process, mechanobiological models of in-stent restenosis have
been defined which are governed by many different mechanical stimuli, namely shear stress or
oscillatory shear stress [24], stretch [25], von Mises stress [ 14] and cyclic damage accumulation
[19] to name but a few.

All of these models, however, have been shown to successfully capture the key
characteristics of restenosis post-stenting, albeit over somewhat different timescales and with

some variability in restenosis growth patterns. The specific aim of this work was therefore to
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directly compare different damage models, particularly that of Zahedmanesh et al. [14] and
Boyle et al. [19] using an ABM-FE approach for both stimuli, with a view to gaining greater
insights into the mechanism of injury within stented vessels and the key role this plays in the
progression of in-stent restenosis. The role of re-endothelialisation is also explored using this

multi-scale mechanobiological paradigm.
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2 Materials and Methods

A coupled simulation environment is used to explore the role of mechanical injury and damage
in ISR. This consists of two primary modules; a finite element (FE) model to compute the stress
in the artery wall in response to the implantation of a stent, and an agent based model (ABM)
which simulates the collective response of the cells in the artery wall to tissue damage. Figure
2 gives an overview of the two simulation modules and how they interact. The artery is
idealized as a 2D quarter cylinder in the radial-circumferential plane with an internal radius of
1.23 mm and a thickness of 0.67 mm [26]. This simulation environment is used to model the
implantation of a stent strut into the artery wall, and the resultant restenotic response. The
quarter symmetry of the model decreases the computational expense of the simulation, but
necessitates the use of appropriate boundary conditions (detailed below). This section outlines
the important features of each of the modules in the simulation environment, and gives a

procedure for model calibration.
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Figure 2

The simulation environment created to model ISR consists of two primary modules; a FE module and an ABM
module. The simulation commences with the FE module where the mechanical response of the artery wall is
determined for a scenario input by the user. The vessel wall stresses and deformed geometry are passed from the
resulting FE model, and used as input parameters for the ABM module. The ABM then predicts the subsequent
ISR process where the time course of VSMC proliferation and lumen area loss is calculated.

2.1 Agent Based Model of the Artery

An ABM is developed in Matlab (R2015b) which can simulate the collective response of cells
in the artery wall to mechanical damage. Two different cell types are modelled; VSMCs and
ECs. Each individual cell is modelled as a circular agent that can exist at any location within
the artery wall. In general, agents may perform a number of actions; migration, proliferation
and apoptosis (cell death). However in ISR VSMC proliferation is the dominant cell action and

therefore migration is neglected.
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The majority of the agents in the model are VSMC agents. In the model setup phase
they are seeded randomly inside the boundary of the artery wall. EC agents are seeded as a
monolayer on the internal (lumen) edge of the artery wall. To simulate the mechanical damage
caused by stenting, EC agents may be selectively removed from the region surrounding an
implanted stent strut. Agents are seeded on the deformed geometry of the artery after stent strut
implantation. This deformed geometry is computed by the FE module described in Section 2.2.
Importantly, agents are not permitted to overlap one another whilst being seeded on the
geometry, and throughout the simulation. This produces a contact-inhibition effect in the
model.

The number of VSMC agents seeded in the model is calculated based on the density of
VSMCs and the undeformed area of the artery used in the model. The undeformed area is used
as the artery is in a stress-free configuration in the histological images used to determine cell
density. VSMCs have an elongated spindle shape in vivo, but as an approximation are
represented as circles in the model. A VSMC density of 950 cells/mm? and a radius of 12.96
um are used based on values from the literature [ 14,27]. The total number of agents to be seeded
is calculated by multiplying the VSMC density by undeformed area of the artery. A brute-force
algorithm is used to seed agents, where an agent is randomly placed at a location and is accepted
provided that a) it is within the boundary of the artery wall, and b) that it does not overlap an
existing agent. This procedure is repeated until the total number of agents has been reached.

VSMC agents have 3 attributes or internal variables which govern their behaviour;
damage D, MMP concentration M, and ECM density E. These internal variables are used to
simulate the actions and response of VSMC agents to mechanical injury in the ISR process.
They are governed by a set of ordinary differential equations (ODEs), the details of which are
explained in Section 2.3. The damage variable is a function of the mechanical stress

experienced by an agent at its centre point and ranges from 0 to 1. In response to damage the
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concentration of MMP increases. This increase in MMP concentration causes a decrease in
ECM density. Additionally all agents have internal variables which specify an agent’s spatial
position in Cartesian coordinates, and its age.

VSMC agents exist in two states; a contractile phenotype and a synthetic phenotype. In
the contractile phenotypic state, VSMC agents are quiescent and non-proliferative. In the
synthetic phenotype, VSMC are outside of their normal homeostatic environment and are in a
proliferative state.

A VSMC agent may proliferate provided that it meets 3 criteria. Firstly, it must be of a
synthetic phenotype. Secondly, a probabilistic function, based on the agent’s age, must
determine that the cell may proliferate. Thirdly, there must be space around the VSMC agent
for a daughter cell to be produced, without overlapping any existing VSMC agents.

Cells have a doubling time, after which they proliferate and produce a daughter cell. In
the ABM the decision whether to create a daughter cell is defined by a doubling time
probability Ppr. At each time step in the ABM simulation, Py is calculated for each synthetic
VSMC agent. Then, a number between 0 and 1 is randomly generated for each synthetic VSMC
agent. If the number is less than Ppt then a daughter cell may be created if there is available
space to do so.

If a VSMC agent has met the above criteria for doubling, a daughter cell may be created
which is tangential to the parent cell and is the same size. The parent VSMC agent searches a
full 360° range at 1° increments and checks whether a daughter cell may be created at that
location without overlapping an existing VSMC or EC agent. Figure 3 shows a schematic of
the decision-making process when determining if a daughter cell may be created around a
parent cell. A list of angles at which a daughter cell may be successfully produced is
determined. Then a random number generator is used to pick a single location from the list at

which the daughter cell is ultimately created. This daughter cell inherits the damage D, MMP
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concentration M, and ECM density E of its parent cell. The age of both the parent and daughter

cells are set to 0.
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Figure 3

Schematic demonstrating how the ABM determines whether a daughter VSMC agent may be produced or not.
The parent VSMC agent searches the region surrounding it in 1° increments, each time checking whether a
daughter VSMC agent may be produced at that location without overlapping an existing cell agent. All of the
angles at which a daughter cell may be produced are determined, and a daughter cell is placed at a location
picked randomly from the viable set of angles.

EC agents may be included in the ABM if desired. They are idealized as circles and
seeded as a monolayer on the lumen of the artery. The radius of the EC agents is determined
from histological images and set as 17.87 um [14,28]. To simulate the effect of EC denudation
after mechanical injury cause by stent implantation, EC agents are removed from the region
both sides of the stent strut. ECs proliferate over time as part of the healing process with a fixed
doubling time of 92 hours [14]. EC agents with only one neighbour proliferate into the available

space whilst still maintaining a monolayer on the lumen surface. As the healing continues the
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two EC fronts progress from both sides of the stent strut and ultimately join, ceasing EC
proliferation. Proximity of a VSMC agent to an EC agent changes a synthetic phenotype VSMC
to a contractile phenotype. This simulates the quiescent effect of NO released by ECs. If the
distance between the centre of an EC and VSMC agent is less than 60 pm then the VSMC
agent has a contractile phenotype [29]. Thus, as the EC agents proliferate as part of the healing
process more VSMC agents will come into their domain of influence and change their
phenotype. This has the net effect of slowing down and localising the proliferation of synthetic
VSMC agents. In this study, the role of the number of ECs present after stenting on the resultant
restenotic lumen area loss is parametrically investigated.

Finally, periodic boundary conditions must be used to correctly simulate the quarter
symmetry employed in the model. The model is 7t /2 periodic meaning that the west and south
edges of the model are coupled. If a cell were to migrate through the west edge of the model,
it should appear at the south edge at the same radial position with respect to the centre point.
Migration is not used in the present model, however periodic boundary conditions must be used
when calculating whether there is sufficient space in the model for a daughter VSMC agent
during the mitosis phase. Phantom VSMC agents are created at the west and south edges to
simulate the presence of VSMC agents located /2 away from that edge. These phantom
VSMC agents are removed after the mitosis algorithm has completed.

A key aspect of the ABM-FE model presented here is the evolution of the internal
variables D, M, and E of each agent. In the present study two approaches are taken to their
calculation, and these are described in detail in Section 2.3. A flowchart which outlines the
algorithm that determines VSMC agent behaviour is given in the supplementary material that

accompanies the online version of this article.
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2.2 Finite Element Model of the Artery

A FE model is generated of the quarter artery geometry described above and solved using the
commercial FE code Abaqus (v6.14, DS Simulia). Figure 4 shows a schematic of the geometry,
loading, and boundary conditions used for the FE model. The artery is partitioned into two
concentric sections for the medial and adventitial layers at a ratio of 5:3 respectively [26]. Note
that the intimal layer is incorporated into the media for the FE model. The material behaviour
of the artery tissue is modelled using an Ogden incompressible hyperelastic constitutive
equation. Separate material parameters are used for each of the layers, calibrated from the
uniaxial mechanical behaviour of each layer in the circumferential direction [14]. Plane strain
elements are used to simulate the out-of-plane behaviour, together with a hybrid pressure-
displacement element formulation for the efficient implementation of material
incompressibility. A mesh convergence study showed that an element of approximate side
length 3 um is required. To correctly enforce the symmetry boundary conditions, the south
edge of the artery geometry is constrained in the y-direction and the west edge in the x-
direction. Contact between the stent and artery wall is modelled using a surface to surface
contact algorithm.

This FE model is used to perform a simple 2D simulation of stent implantation.
Additionally, it is used to simulate balloon angioplasty — the results of which are used to

calibrate the ABM (see Section 2.4 for details).

12
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Figure 4

Schematic outlining the loads and boundary conditions used for the FE model simulations. A quarter artery is
simulated with rolling boundary conditions on the edges. The artery is subjected to a uniform pressure p on its
internal lumen face. A stent strut is displaced into the artery wall. Separate material properties are used to
simulate the adventitia and combined media and intima layers.

The first step in simulating stent implantation is inflation of the artery to a systolic
pressure of 120 mmHg. Next, stent implantation is simulated by displacing a square strut of
side 170 um with a fillet of 20 pm into the artery wall until the stent strut is 1.1 times the radius
of the artery at systolic pressure. The mean cyclic stress between the systolic and diastolic
phases of the cardiac cycle, whilst the artery is stented, is required for the CDM described in
Section 2.3. The systolic configuration has just been computed, and the diastolic configuration
is computed by reducing the internal pressure to 80 mmHg. The mean von Mises stress at an
integration point between these two configurations is the mean stress used in the CDM.

Balloon angioplasty is simulated by displacing the artery to 1.4 times its radius at systole.
For the CDM, the first cycle of damage is calculated using the stress in this balloon expanded
configuration. The remaining cycles are calculated at the unexpanded mean systolic and

diastolic von Mises stresses.

13
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2.3 Damage Stimuli for VSMC Agents

To simulate mechanical injury to the artery wall, a damage variable is introduced. This damage
variable acts as a stimulus for VSMC agents in the ABM described in Section 2.1. Two
published models for the calculation of damage experienced by VSMC agents are compared;
an instantaneous damage model (IDM) [14], and a cyclic damage model (CDM) [19].

The IDM and CDM are both a function of von Mises stress. The spatial distribution of
von Mises stress in the artery wall is computed in the FE model outlined in Section 2.2. The
von Mises stress experienced by an agent is calculated by determining the element integration
point closest to its centre point and assigning the stress at that integration point to the agent. As
the characteristic size of the elements is smaller than that of the agents, there is little
interpolation in this technique. Once the von Mises stress for an agent is computed, the damage

may then be calculated.

2.3.1 Instantaneous Damage Model

The IDM assumes that damage to VSMCs occurs instantly upon injury, but that this damage
constantly decreases as the VSMCs commence the process of healing. The magnitude of initial
damage D, assigned to the VSMC agent is calculated using a damage function formulated by
Zahedmanesh et al. [14] which is based on experimental data of the mechanical failure of

coronary artery tissue presented by Holzapfel et al. [26].

_ B
- .B + exp[_ﬁ(o-mises - 00)]

(1)

0

where [ and g, are equation parameters and 0., 1S the von Mises stress in the tissue. This
produces a sigmoid shaped curve where for small values of stress there is zero damage, as the
stress increases the damage instigates and ultimately the upper limit of one for the damage is

calculated.
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The initial damage is calculated for all VSMC agents in the ABM. A set of coupled
ordinary differential equations (ODEs) define the evolution with time t of the internal variables

of a VSMC agent; damage D, MMP concentration M, and ECM density E [14].

dD
E = _kgegMJ (2)
dM
-5 = f(D) kdeg (3)
dE
E = kgen - kgeng (4)

where k is an equation parameter for the ODEs whose superscript denotes the internal variable
to which it pertains, and the subscript indicates whether it has a generating or degrading effect
on its internal variable. The rate at which MMP is created is determined by the sigmoid-shaped
function f (D) [14,25,30],

Ka
1+ k, exp(—k.D)’ )

fD) =

where the three k parameters are taken from Zahedmanesh et al. [14] (x, = 96.1 X 107°, k), =
3468, k. = 16.8). The coupled ODEs given in (2), (3), and (4) are solved using a forward
Euler method and a time step of 1 hour, which is sufficiently small to produce a stable solution.
The ODE:s are solved for each agent using initial conditions. The initial condition for damage
D, is calculated using Equation (1), the initial MMP concentration M,, is zero, and the initial
ECM density Ej is 310 pg/agent [14,31].

A cumulative Gaussian distribution function is introduced to simulate a cell’s decision
on whether to proliferate or not. The probability of a VSMC agent doubling Py for the IDM

is defined by the equation,

15
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1 ta e
Pyt (tage) = 5(1 + erf [—g Hor ) (6)

V2057

where t,ge 18 the age of the VSMC agent, pupr is the mean doubling time of a VSMC with a
standard deviation of opp. This is a sigmoid shaped probability function where new VSMC
agents have a 0 probability of doubling, and as the agents get older the probability gradually
and smoothly starts to increase until it is ultimately equal to 1.

In the IDM, the density of ECM at a VSMC agent is used to determine phenotype; if a
cell is below a critical threshold E;; of 310 pg/agent then it has a synthetic phenotype, however

if it is above the critical threshold then it is contractile.
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Figure 5

A) Von Mises stress — damage relationship given in Equation (1) for the IDM. Note that at low values of stress
there is zero damage but that as the stress increases the damage rapidly increases at a stress of around 200 kPa,
with a full damage value of one given to tissue stressed at 300 kPa and above. B) A S-N curve for arterial tissue
adapted from [19]. This plot gives the number of cycles to failure of an artery, N, when subjected to a cyclic
mean stress of g,,,. This data is used to calibrate the parameter a in Equation (7) and set the fatigue limit g, and
failure strength ay.
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2.3.2 Cyclic Damage Model

The CDM is outlined in Boyle et al. [19] and assumes that cyclic loading at high stress is the
primary mechanism behind VSMC damage. In this model damage accumulates with time, as
the number of loading cycles experienced by a VSMC increases. The CDM is based on a log-
linear relationship for damage due to fatigue, and Miner’s rule for the number of loading cycles

N to failure for a material, resulting in the damage rate per cycle D equation,

D = 10_(o-f_o'mises)/a ,
=0 Omises < 09 )
=1 Omises > Or

where gy is the fatigue limit (the value of stress at which damage starts to accumulate), and o

is the failure strength (the value of stress where one cycle results in a damage rate D = 1,
essentially the uniaxial strength of the material, here of = 1417 kPa), and «a is a material
constant (¢ = —187), and o is the endurance limit of 90 kPa. Figure 5B shows a plot of the
number of cycles to failure Ny at a mean cyclic stress oy, for porcine coronary artery tissue.
Note that at stresses below 90 kPa, this arterial tissue can withstand an infinite number of
cycles.

The evolution of the VSMC agent internal variables is governed by a set of coupled
ODEs. Two additional internal variables are included in this model, the VSMC phenotype ¢
varies between zero (fully contractile phenotype) and one (full synthetic phenotype), and a

growth stimulus G.

dD .

dt :f'D_CdegMJ ®)
dM
D D — cag. ®
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dE
dt = Cgen¢ - Cdeng (10)
d
d_ctl: =1—-FE—¢, (11)
daG
YT ChenD — CGogG (12)

where ¢ are equation constants whose superscript denotes the internal variable to which it
pertains, and the subscript indicates whether it has a generating or degrading effect on its
internal variable. The equations are solved using a forward Euler method using a time
increment of 1 hour and initial conditions; D, =0, My, =0, E; =1, ¢ =0, and G, = 0.
Damage in the material is accumulated on the basis of the number of cycles it has experienced
N, and the frequency f is the number of cycles per hour experienced by the artery. In this model
that is set to 3,600 cycles/hour (1 Hz). In contrast the original model by Boyle et al. used a
frequency of 1 cycle/day.

Finally, the probability of a VSMC agent proliferating in the CDM is defined by the

equation,

PDT = pvsmcG ¢ At! (13)
where At is the time increment used in the forward Euler solution of the ODEs, pyy. 1S the
intrinsic maximum proliferation rate of a VSMC cell. So, if a VSMC agent is fully synthetic

and has a relative growth of 1, then the probability of a cell doubling is at its maximum.
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Parameters used for the instantaneous damage model (IDM) equations (1)-(4).

kdeg kdeg kgen Kdeg B 9
(cellpg' hr'!) | (hr'!) (pg cell hr'!) (hr'!) (kPa)
0.661 0.018 0.307 410 0.1087 200
Table 2
Parameters for the cyclic damage model (CDM) equations (8)-(13).
Cdeg Cgen Cgen Cgen Cgen Pysme
(cell pg! hr!) | (pg cell'hr!) | (pg cell! hr'!) | (hr!) (hr'!)
0.0271 0.0017 0.001 0.0033 0.00045 0.029

19
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2.4 Calibration of Damage Stimuli through Simulation of Balloon
Angioplasty

The damage and proliferation response of VSMC agents used in the simulation of ISR is
first calibrated by performing a simulation of balloon angioplasty. The parameters of the
damage model ODEs described in Section 2.3 are tuned to match the predicted neointimal
growth observed in clinical data published by Schwartz et al. [20]. The IDM and CDM
are both adapted from existing models in the literature and the majority of the
parameters for these models are taken directly from their respective papers;
Zahedmanesh et al. [14] and Boyle et al. [19]. A full list of the parameters used in the
paper are given in

20
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Table 1 and Table 2.

Schwartz et al. [20] measured the neointimal cross sectional area in a coronary artery
at 4 time points after balloon angioplasty. Together with the initial lumen area, the percentage
loss of lumen area over time was plotted. Initially there is large proliferation of VSMCs leading
to a sharp loss in lumen area. At approximately 85 days post-angioplasty this lumen loss
quickly decreases and up to 360 days post procedure, there is almost no further lumen loss.

The simulations assume that all ECs have been denuded by the procedure and thus only
VSMC agents are modelled. The mean doubling time in the IDM, upt in Equation (6), is
calibrated to reproduce the initial growth phase of the neointimal tissue, while the parameter
controlling the generation of ECM, kgEen in Equation (4), is calibrated to reach the point at
which proliferation ceases. Likewise, in the CDM the maximum probability of cell doubling,
Pvsme 1N Equation (13), and the growth rate constant, cgen in Equation (12), are calibrated to

match the lumen loss clinical data.

21



Nolan & Lally J. Comp. Sci., 2017

3 Results

3.1 Balloon Angioplasty Calibration Results

Balloon angioplasty is simulated using the coupled ABM-FE environment described in Section
2 to calibrate the parameters for the damage stimuli equations. Figure 6 plots the predicted
percentage lumen area loss over the days post angioplasty for both the IDM and CDM
presented in Section 2.3. Additionally points are added to the plot indicating the percentage
lumen loss measured in vivo by Schwartz et al. [20] at 4 time points post angioplasty.
Simulations using both the IDM and CDM are capable of reproducing the neointimal growth

behaviour after balloon angioplasty, thus calibrating the VSMC damage model ODEs.
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Figure 6

Plot of percentage lumen area loss versus the number of days post procedure of balloon angioplasty. The circle
symbols indicate the clinical measurements outlined in Schwartz et al. [20].
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3.2 Predictions of In-Stent Restenosis

3.2.1 Predictions using VSMC Agents Only

The proliferation of synthetic VSMCs post stenting is simulated using the IDM and CDM as
damage stimuli for the VSMC agents. ECs are not included in this scenario. Figure 7A and B
present the results of the simulations at 62 days using the IDM and CDM respectively. Note
that the CDM predicts a large amount of lumen loss. This can be clearly seen in Figure 7C,
which plots the percentage lumen area loss with time. The CDM initially predicts small lumen
loss, however the rate of loss increases and at 81 days the vessel is totally occluded with a
lumen area loss of 100%. In contrast, the IDM predicts a steady proliferation which ceases to

increase after reaching a lumen area loss of 26%.

B) O Contractile VSMC agent C) — IDM
@ Synthetic VSMC agent — CDM
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Figure 7

Result for the ABM module of the simulation showing the predicted proliferation of synthetic VSMC agents at
62 days using A) the IDM, and B) the CDM. EC agents were not included in these simulations. C) Plot showing
the percentage loss of lumen are over time predicted by the IDM and CDM.

3.2.2 Predictions Including EC Agents
The role of ECs on the extent of lumen area loss is investigated by parametrically removing
EC agents to both sides of the stent and performing a simulation. The responses predicted by

the IDM and CDM are examined. Figure 8 A shows the result from the ABM using the IDM of
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the proliferation of VSMCs around a stent strut at 58 days with a total of 30 EC agents initially
removed. Note the full re-endothelialisation of the lumen and the band of synthetic VSMC
agents beneath the healed region. Figure 8B shows the result from the ABM module using the
IDM at 116 days with a total of 60 ECs initially removed. Again, note there is full re-
endothelialisation and the greater extent of lumen area loss in this case. Figure 8C plots the
percentage lumen area loss predicted by the IDM for a given number of removed EC agents.
In each scenario, the lumen area loss reaches a plateau when the lumen is fully re-

endothelialised.
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Figure 8

Result from the ABM module of the simulation using the /DM showing the predictions at; A) 58 days with a
total of 30 EC agents initially removed, and B) 116 days with 60 EC agents initially removed. C) Plot of the
predicted lumen area loss over time as a function of the number of EC agents that are removed from the lumen.

The results for the same parametric study of EC agent removal, this time using the
CDM, are presented in Figure 9. Figure 9A shows the results of the ABM at 58 days with 30
EC agents initially removed. Note the large numbers of synthetic VSMC agents which have
proliferated into the lumen and the incomplete formation of an EC monolayer. Figure 9B shows
the result of the ABM at 58 days with 60 EC agents initially removed. Once again, note the

even greater proliferation of synthetic VSMC agents into the lumen and incomplete re-
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endothelialisation. Figure 9C plots the percentage lumen area loss over time for a range of
initially removed EC agents. In all cases, the lumen is totally occluded by 100 days, the only

difference between each scenario being the rate at which this occurs.

A) B) O Contractile VSMC agent C)
@® Synthetic VSMC agent Number of ECs removed
O EC agent — 60 — 40
— 50— 30

Lumen Area Loss (%)

U AR SR

Figure 9

Result from the ABM module of the simulation using the CDM showing the predictions at; A) 58 days with a
total of 30 EC agents removed, and B) 58 days with 60 EC agents removed. C) Plot of the predicted lumen area
loss over time as a function of the number of EC agents that are removed from the lumen.
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4 Discussion

The stent simulation using the IDM results in predictions of in-stent restenosis patterns that are
similar to those observed clinically and over a similar timeframe [9]. The inhomogeneous stress
distribution and high mean stresses in the CDM induce over-zealous cellular proliferation and
consequently high lumen loss, as there is no stimulus to halt cell proliferation. Whilst the
presence of ECs in the IDM aids in the control of VSMC proliferation, the VSMCs will cease
to proliferate with time (recall Figure 7A) given that damage is progressively removed in the
tissue from the model by MMPs.

The failure of the CDM to halt in a realistic timeframe is due to the fact that damage
never decreases in the model and in the highest load case, damage continues to increase to the
maximum value of 1, see Figure 10A. Even with the inclusion of ECs, the CDM fails to self-
regulate and all EC scenarios tested result in full occlusion of the vessel by 100 days, see Figure
9. The growth patterns with ECs present is also clearly non-physiological and does not correlate
well with growth patterns observed clinically [20,32]. A physiological response is predicted by
the CDM in balloon angioplasty because there is only one cycle of high stress, and damage

decreases thereafter, see Figure 10B.
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Figure 10

A) Plot of damage with time for the CDM for just one cycle for a range of mean stresses g,,,. Note that the
damage decays with time for all loads. B) Plot of damage with time for the CDM at a frequency of 1 Hz for a
range of mean stresses g,,,. Note that in this scenario the damage never decreases and in the highest load case
increases all the way to a value of 1. The probability of proliferation Py for the CDM is tied to the damage,
hence if there is high damage, there is a high probability of VSMC agent proliferation.

In contrast, where initial damage mediates the restenosis process in the IDM model,
ECs play a key role in regulating the predicted timeframe of the in-stent restenosis process,
whereby removal of 30 ECs by the stent results in a self-limiting process after 36 days and a
mere 3% lumen loss. This contrasts with the model where 60 ECs are removed, which takes
approximately 85 days to reach a steady state with 12.5% lumen area stenosis, see Figure 8.

Without any EC agents, the restenosis growth in the model terminates at 26% lumen loss.

The mechanobiological framework presented here can readily be adapted to investigate
the degree to which EC denudation during stenting influences the restenosis response. Previous
studies have demonstrated that remnant patches of ECs post-stenting can reduce neointimal
thickness and accelerate the healing process [13], and that the quantity of remnant endothelium
is dictated by stent geometry [33]. Rogers et al [34] has shown that a semi-compliant balloon

can denude the vessel between the stent struts and this would clearly have a marked influence

27



Nolan & Lally J. Comp. Sci., 2017

on the restenosis growth patterns post-stenting. Another experimental study investigating the
origin of ECs in the healed region post-stenting revealed that these cells proliferated from
healthy endothelium proximal and distal to the stent, and originated from bone marrow derived
cells [35]. A computational study by Tahir et al. [36] modelled two mechanisms of re-
endothelialisation; growth from proximal and distal ends and random seeding in the denuded
region. Results from these simulations showed that different patterns of neointimal growth and
area are predicted by these two mechanisms. The experimental results from [35] imply that
both mechanisms occur simultaneously. The 2-D circumferential geometry used in the current
study does not allow the simulation of proximal-distal re-endothelialisation, however random

seeding may be investigated using this framework.

As demonstrated here, this coupled ABM-FE model is also well designed for
investigating different damage mechanisms but it is not limited to the IDM and CDM. Stretch
[25], cyclic strain [15,23] and shear stress imposed by blood flow [24,37] are just a few of the
other mechanical stimuli that have been postulated to play a role in driving the in-stent
restenosis process and this model could be adapted to include such stimuli. It can also be used
to explore cell migration along with cell proliferation, or even cell differentiation. Whilst the
proliferative capacity of the cells is critical in the progression of in-stent restenosis, the role of
different cell origins in the restenosis process may be even more important, given that different
cell groups are likely to have varied migratory and or proliferative capacities. Using a cellular
Potts model, Tahir et al. [38] have recently presented a model which highlights the importance
of VSMC migration and the role that injury induced fenestrae in the intima have on the ability
of VSMCs to migrate into the vessel lumen and subsequently proliferate to produce a

neointimal hyperplasia.
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In addition, resident stem cells have recently been identified in the media of large
arteries which have been postulated to play a highly significant role in instigating the cascade
of cellular events that lead to the restenosis post-stenting [39]. Models such as that proposed
here provide a means to investigate the likelihood of stem cells regulating this
mechanobiological process, however the main limitation to implementing such models is the
paucity of empirical data available in the literature which can define the cellular processes in

such models and offer a means to validate the outcomes from such models.

Whilst this paper demonstrates that the ABM-FE formulation used in the simulations
can successfully capture the key characteristics of in-stent restenosis, there are some limitations
to the models. The coupled equations controlling the VSMCs are phenomenological and are
therefore sensitive to their constants. It is therefore critical to calibrate these constants. Whilst
the calibration using the balloon angioplasty model provides a means to do this, it is very vessel
specific and is based on very limited data. Future models will incorporate more mechanistic
damage — ECM dynamics, supported by well-designed cell experiments that yield more
relevant empirical data. The current framework is also 2D and not fully coupled; as new
geometry is computed by the ABM, the FE model should be re-run with this updated geometry.
This will result in lower stresses being experienced by the VSMC agents, attenuating the
damage response. This may have an important effect on the resultant behaviour of the CDM.
Additionally, residual stresses which exist in the artery wall at a zero pressure state should be
included in future FE models [40]. Finally, both VSMCs and ECs are idealised and represented
by circles, despite the fact that ECs are squamous epithelial cells and VSMCs are more spindle
like in form, particularly contractile VSMCs [41,42]. VSMC density should be more accurately
measured using a 3-D microscopy technique such as confocal microscopy or second harmonic

generation microscopy.
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These limitations will be further addressed in future work, along with a full
investigation of the role of stent design parameters such as strut thickness and the number of
struts per cross section. These parameters are known to considerably affect load induced
damage in the artery and consequently the degree of in-stent restenosis post stenting [20,21].
This will enable a thorough assessment of the efficacy of different stent designs to achieve
sufficient luminal gain, without inducing levels of damage that ultimately result in restenosis

in the longer-term.

In the future, it is anticipated that mechanobiological models, such as the ABM-FE
framework presented here, will be advanced to include a complex, fibre-based anisotropic
constitutive model for the artery, which is capable of remodelling in response to mechanical
stimuli such as stress and strain [43,44]. It is well known that the fibre alignment of load bearing
collagen architecture, in particular, may be critical in terms of health and disease [45] and that
fibre architecture has a significant impact on vascular cell growth and differentiation [46].
Ultimately, advances to this mechanobiological framework may enable in silico clinical trials
of medical devices to be conducted, where patient specific stochastic models are used to inform
the development of more individualised vascular therapies and devices [47].

It is worth noting, however, that all models, regardless of their complexity, structure
and/or methodology, are merely an approximation of the physical problem they represent. The
ultimate measure of a model’s suitability is how well it can describe, or predict, what is
physically reasonable, and empirically or clinically observed [48]. To further develop such
models and ensure their clinical relevance therefore, requires robust experimental data to define

and validate them, and at present there is still a lack of availability of such data.
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5 Conclusion

This paper investigated the mechanism behind damage-induced cell proliferation using a
coupled finite element and agent based model, assuming it to be driven by a) instantaneous
loading, or b) cyclic loading. Furthermore the role of remnant endothelial cells in attenuating
in-stent restenosis was explored. Results show that a cyclic damage model predicts a non-
physiological, overly proliferative response. In contrast, the instantaneous model predicts a
physiologically realistic growth pattern, is self-limiting within a realistic timeframe, and points
to a significant role of endothelial denudation during stent deployment and re-

endothelialisation in the degree of lumen loss post-stenting.
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