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Abstract

In-stent restenosis, the maladaptive response of a blood vessel to injury caused by
the deployment of a stent, is a multiscale system involving a large number of bio-
logical and physical processes. We describe a Complex Automata Model for in-stent
restenosis, coupling bulk flow, drug diffusion, and smooth muscle cell models, all
operating on different time scales. Details of the single scale models and of the cou-
pling interfaces are described, together with first simulation results, obtained with
a dedicated software environment for Complex Automata simulations. Preliminary
results show that the model can reproduce growth trends observed in experimental
studies and facilitate testing of hypotheses concerning the interaction of key factors.
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1 Introduction

A stenosis is a narrowing of a blood vessel lumen due to the presence of an
atherosclerotic plaque. This can be corrected by balloon angioplasty, after
which a stent (metal mesh) is deployed to prevent the vessel from collapsing.
The injury caused by the stent can lead to a maladaptive biological response
of the cellular tissue (mainly due to smooth muscle cell proliferation). The
abnormal growth can produce a new stenosis (re-stenosis).

Restenosis develops under conditions of pulsatile flow and there exists an inter-
action between the much studied biological pathways and those of a physical
nature [12,21]. The multiscience and multiscale nature of in-stent restenosis
has been discussed in detail previously by Evans et al. [7].

The design and geometry of the stent employed influences the biological events
occurring in the vessel following deployment. Strut thickness, number, cross-
sectional shape and arrangement, and stent length all influence the haemo-
dynamics and degree of injury and stretch observed within the stented seg-
ment [22]. These in turn, are critical determinants of the severity of restenosis
observed. Additionally, stents may be coated with active compounds targeted
at the biological processes responsible for driving the progression of restenosis
which, when eluted locally at the stented site, can prevent proliferation of
smooth muscle cells and neointimal growth.

The development of a multiscale in silico model capable of testing both the
influence of stent geometry and that of drug elution is motivated by the desire
for a better understanding of the dynamics regulating restenosis. Thus pro-
viding a potentially powerful tool for improved understanding of the biology,
and to assist in the process of device/therapy development.

As in many other biological systems, the dynamics of in-stent restenosis span
many orders of magnitude through the scales, from the smallest microscopic
scales up to the largest macroscopic ones. The wealth of experimental data
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that is now available has made in silico experimentation an attractive tool
in systems biology, allowing hypothesis testing and formulation of predictions
which can be further tested in vitro or in vivo [19]. In recent years the com-
putational biology community has developed extremely powerful methods to
model and simulate fundamental processes of a natural system on a multitude
of separate scales. The next challenge is to study, not only fundamental pro-
cesses, on all these separate scales, but also their mutual coupling across the
scales and to determine the emergent structure and function of the resulting
system [25].

Despite the large body of literature on multiscale models, the key feature of
multiscale modelling, the actual coupling between scales is still at a very early
stage of development [14,26].

In this context, Complex Automata (CxA) have recently been introduced as a
paradigm to simulate multiscale systems as a collection of single scale models,
interacting across the scales [14,15,16].

Based on the conceptual description of the relevant processes and their char-
acteristic temporal and spatial scales which has been presented in [7], we
describe a simplified CxA model of the multiscale process, coupling a lattice
Boltzmann bulk flow (BF) solver (for the blood flow), an agent based model
for smooth muscle cell (SMC) dynamics (simulating cell growth, the cell cycle,
physical and biological cell-cell interaction), and a Finite Difference scheme
for the drug diffusion (DD) within the cellular tissue.

In section 2 we introduce the main ideas behind the CxA approach. Section 3
discusses how coupling between models has been realised using a CxA dedi-
cated software environment [1,13]. In section 4, following a short introduction
on in-stent restenosis, we present the multiscale model. We describe the main
characteristics of the single scale solvers, which have been developed indepen-
dently from each other, and independently from the ultimate application. We
also describe, in detail, the coupling of the single-scale solvers with relevance
to this particular application. Preliminary simulation results are presented in
section 5 and conclusions are discussed in section 6.

2 Complex Automata Modeling

Recently we proposed Complex Automata (CxA) as a paradigm for multiscale
modelling and simulation [14,15,16]. CxA theory dictates that a multiscale
system can be decomposed into mutually interacting single scale models.

The multiscale system, and its formulation as a CxA can be represented graph-

3



ically on a Scale Separation Map (SSM), where the horizontal and vertical
axes represent the temporal and spatial scales. An example of such a SSM (as
discussed in detail in section 4) is shown in fig. 1. Here, the system (repre-
sented by a large area on the SSM) has been decomposed into three interacting
sub-processes (single scale models) and their interactions.

Single Scale Models. The single scale models are discrete processes and
explicitly update their state in time using a well defined evolution operator,
in the form of collision+propagation

The collision-propagation terminology is borrowed from the lattice gas au-
tomata framework (for example, see [4]), and has recently been shown to be
equivalent to other update paradigms [5].

This methodology is not restrictive, as it allows construction of single scale
models using a large class of numerical methods (e.g. Cellular Automata, Lat-
tice Boltzmann Methods, Agent Based Models, Finite Difference). Moreover,
consideration of a class of algorithms with well specified evolution rules allows
one to formally define a single scale model through a tuple [14,15,16],

C = {A(∆x, L, ∆t, T ), F, Φ∆x,∆t(P,C),O}. (1)

where A is the computational domain, made (in space) of cells of size ∆x,
spanning a region of size L, and (in time) of steps of size ∆t over an interval
[t0, t0 + T ] (represented on the SSM, see figure 1). F is the discrete space of
the numerical solution (space of states), Φ : F → F is the update rule defined
through propagation and collision operators (P and C) and dependent on ∆x,
∆t. Finally, we associate an observable, i.e. an operator O : F → R

d to each
algorithm.

Coupling templates. An essential step in the modelling process is the inclu-
sion of specific coupling templates, designed to mimic the dynamic behavior
of the multi-scale process as accurately as possible. In the CxA formulation, a
coupling template between two single scale models can be formally expressed
as an interaction between the observable of the first, and the execution loop
(i.e. initial conditions, collision, boundary condition operators) of the second
model.

3 CxA Simulation Framework: Multiscale Coupling Library and
Environment

The conceptual ideas behind the CxA approach (decomposition into single
scale models, restriction to a common instruction flow and specification of
finite number of coupling templates) have been used to develop the COAST
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Figure 1. Left: Example of SSM: a multiscale process (box with dashed edges) has
been decomposed into 3 coupled single scale models. Right: Native Codes can be
connected ”wrapped” as JAVA agents (kernels), and coupled to a CxA using MUS-
CLE, including portals with the framework. The send() and receive() operations
are performed within these portals.

Multiscale Coupling Library and Environment (MUSCLE) [1,13], a software
environment in which a CxA can be implemented naturally.

Within the coupling library, both the kernels (i.e. the single scale models) and
the conduits (i.e. the multiscale coupling) are software agents of the underlying
multiagent platform JADE (www.jade.tilab.com).

Kernels and conduits (conceptually central to the CxA modeling language)
communicate using two communication primitives:

• A non-blocking send operation, to send data from a kernel to a conduit
entrance. It returns as soon as the data is sent to the conduit.

• A blocking receive operation, to allow a kernel to receive data from the
exit of a conduit. The receiving kernel waits until the data is available before
computations are resumed.

The single scale models do not need to be aware of each other and the infor-
mation on the coupling and the global setup are held by the framework. This
allows the implementation of complex interfaces, where multiscale couplings
can be performed by the use of smart conduits.

Furthermore, the structure of the coupling library allows complete indepen-
dence from native codes. These can be replaced with a different source, pro-
vided the interface with respect to the framework (i.e. the JAVA-wrapper
agent) remains the same. In the particular example of in-stent restenosis,
described in section 4, three single scale models have been implemented in
different programming languages (FORTRAN90, C++, JAVA), wrapped as
JAVA agents, and connected via the MUSCLE framework (figure 1, right).
The details of coupling for this particular application are discussed in section
4.2.
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Figure 2. A stented coronary artery showing a significant restenosis due to neoin-
timal growth (N) into the lumen (L). Stent struts are clearly visible and penetrate
the original vessel wall (M).

4 Multiscale Model of In-stent Restenosis

Restenosis, can be loosely described as a ’loss of gain’ - that is, a late return
of the vessel lumen to a size similar to that seen before intervention (stent
deployment; see figure 2). It has, historically, been considered as a over reac-
tion of the general wound healing response within vascular tissue [9]. From a
biological standpoint, injury caused by stent deployment (during balloon in-
flation) is thought to trigger a cascade of inflammatory events, that ultimately
results in the development of new tissue (the neointima) [8,23].

The majority of investigations into this phenomenon consider the biological
and physical processes involved independently when, in fact, there is a complex
interplay between the two. Blood flow, biological events (e.g. inflammation),
stent geometry, drug elution and diffusion all influence the overall response
of the the artery wall to stent deployment. The aim of the CxA model is to
improve our understanding of this complex system by considering restenosis
explicitly as a multiscale multiscience system.

Following an in depth literature review, the processes key to the regulation
of restenosis were identified, and their temporal and spatial scales deter-
mined. Coupling was considered in terms of the interactions between these
processes. This allowed us to generate a comprehensive conceptual scale sepa-
ration map [7], defining a CxA, containing the sub-models necessary to capture
the behavior of the system, and depicting the coupling between them; i.e. the
flow of information between models.

The first practical implementation of the CxA reported herein considers a
simplified version of the model focusing on SMC behavior, and its interaction

6



Figure 3. The simplified SSM, depicting the three single scale models and their
mutual coupling.

with blood flow and drug eluted from the stent. The simplified SSM is shown
in figure 3.

Following deployment of the stent, which is modelled as a separate process
to provide an initial condition (using the SMC model itself, see section 5.1),
SMCs start to proliferate in response to the mechanical insult. The rate of
smooth muscle cell proliferation is dependent on the blood flow (specifically
wall shear stress (WSS) and oscillatory stress index (OSI)), the number of
neighbouring smooth muscle cells, and in the case of a drug eluting stent,
the local concentration of drug. The blood flow, in turn, depends on the lu-
menal geometry (and thus changes with the proliferation of SMCs), and the
concentration of drug depends on the SMC/tissue domain (and therefore also
on SMC proliferation). In the current model we assume that scale separation
between the single scale models is confined to the temporal scale, however it
is worth noting that scale separation on a spatial scale exists within the SMC
model itself. The SMC model can sub-divided into the processes which occur
on the cellular level, and those occurring on the level of the tissue, resulting in
a hierarchical CxA model. The SMC proliferation is the slowest process, dic-
tated by the cell cycle, whereas flow is a fast process, dictated by the length of
one cardiac cycle. Due to the specific value of the diffusion coefficients and the
typical spatial dimensions of the arterial tissue, the temporal scale of the dif-
fusion process resides between that of flow and SMC scales. In future models
we will also explicitly consider spatial scale separation.
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Figure 4. Left: The 2D computational domain is divided into vessel lumen, tissue and
stent struts. Right: the cell cycle model, based on three stages (G0,G1, S/G2/M)
and a biological ruleset.

4.1 Single Scale Models and Coupling Templates

In this section, the technical details of the CxA model of in-stent restenosis
are presented in brief. We first describe the kernels of the CxA, i.e. the algo-
rithms used to simulate the single scale models (Bulk Flow , SMC Behavior
and Drug Diffusion). The native codes of these have been constructed inde-
pendently from the multiscale application. Then, we show how these elements
are connected via smart conduits using a CxA dedicated coupling library [1]
(see section 3).

4.1.1 Bulk Flow Solver (BF)

Blood flow is modelled as a Newtonian incompressible fluid governed by in-
compressible Navier-Stokes equations

ρ0∂tu + ρu · ∇u + ∇p = ρν∇2u + f , t > 0, x ∈ Ωflow(t)

∇ · u = 0, t > 0, x ∈ Ωflow(t)

u(t,x) = 0, x ∈ Γflow(t)

(2)

where ρ0 is the blood density, ν is the viscosity, assumed constant in the
Newtonian approximation (a commonly accepted hypothesis for large vessels).
The set Ωflow(t) represents the lumen domain, with Γflow(t) being its interface
with the tissue domain. Equation (2) has to be completed with appropriate
inlet-outlet boundary conditions, which may vary depending on the focuses of
the model.

To obtain a numerical solution of (2), we employ a Lattice Boltzmann Method
(LBM), which, unlike other CFD approaches, approximates the hydrodynam-
ics starting from a pseudo-microscopic description of the fluid. In detail, the
spatial domain is discretized using a regular square lattice L(h), of spacing
h, and the so-called D2Q9 set of discrete velocity vectors {hci, i = 1, . . . , b},
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connecting neighboring nodes of the lattice. For the problem presented here,
we chose h = 0.01 cm, which roughly correspond to having 10 grid points per
strut side, in order to resolve with sufficient accuracy the flow patterns near
the boundary.

At each node x ∈ L(h), and at each time step t, the unknowns are the dis-
tributions fi(t,x), representing the density of particles traveling in direction
of ci. Given the time step ∆t, and with ∆x = h, the evolution in time of the
variables fi reads

fi(t + ∆t,x + ∆xci) = fi(t,x) + Ji(f(t,x)) . (3)

The right hand side defines the collision operator, which depends on the vis-
cosity ν in (2). For detailed overviews of the LBM, we refer the reader to
[2,3,4,27].

In our first simulations, we used a standard BGK collision model. The Dirich-
let boundary condition on the interface Γflow(t) has been imposed through
bounce-back rule, while periodic boundary conditions has been used at inlet
and outlet. In this case, an appropriate volume force g has been added to
simulate a pressure gradient through the domain. It is important to remark
that particular implementation choices (as collision operator, boundary condi-
tions, body-forcing) or optimization techniques such as parallelization or grid
refinement might not be relevant for the multiscale model itself, as long as the
physical problem is correctly approximated. At the same time, the coupling
library and the coupling template are completely flexible with respect to the
single scale solver, as long as the correct data interface is maintained.

The observable related to the BF single scale model is the wall shear stress
on the vessel boundary (WSS), which is needed as input for the SMC model,
after being properly mapped from the cartesian lattice on the individual cells.

4.1.2 Smooth Muscle Cells Dynamics (SMC)

The dynamics of the smooth muscle cells are simulated using an Agent Based
Model. Each single cell is represented by agent, which is identified by a set of
state-variables: position, radius, biological state, drug concentration and struc-
tural stress. Each SMC agent evolves in time according its own current state,
and to the states of neighbouring cells. Each time step involves a physical
solver, simulating the structural dynamics of cells, and a biological solver,
which simulates the cell cycle, according to a biological rule set.

Physical solver From the structural point of view, 2D cells are represented
by their centers, and a potential function, which determines non-linear re-
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pulsive and attractive inter-cell forces. In addition, boundary forces, viscous
friction, radial elastic forces (modeling the primary fibre direction of SMCs in
a physiologically relevant 3D environment) and motility forces (modeling cell
migration) are taken into account.

Neglecting inertial terms, the model is described by the system of equations

C
dx

dt
= F(t,x, r) = Frep(t,x, r) + Fatt(t,x, r) + Fel(t,x) + Fbound(t,x), (4)

where x is the vector of cell displacements, r is the vector of cell radii, and C

is a matrix of friction coefficients. The forces vectors include different types
of cell-cell interaction. Attractive and repulsive forces (Fatt and Frep) have
been derived by simple geometrical arguments. Repulsion is based on Hertzian
contact of two elastic cylinders, whilst cell-cell attraction is proportional to
overlapping surfaces. Furthermore, Fel denotes the forces exerted by the elastic
lamina agents on neighboring cells, used to to simulate impenetrability, and
Fbound (boundary forces) denotes additional forcing terms used to take into
account external tissue.

At each iteration step, new equilibrium positions of SMCs are computed by
iterating a finite difference scheme until a steady state is reached. Then, a
surrogate of structural stress is then calculated and provided as input to the
biological solver. In the current model, a simple Euler method is employed
for the time integration of (4), but higher order Runge-Kutta schemes could
also be employed. We found that the results do not depend on the particular
choice of the integration scheme if the numerical parameters (i.e. time step
and tolerance for the convergence criterion) are chosen properly. In particular,
the time step was adaptively selected at each new iteration according to two
criteria, (i) the eigenvalues of a simplified iteration matrix, and (ii) in order to
bound the maximum displacement allowed for a single cell (of the order of 10%
of cell radius). Moreover, the Euler scheme is significantly more compatible,
as it can be naturally written in the collision+propagation form.

Biological solver Each SMC agent progress through a cell cycle, modeled
through a discrete set of states: quiescent state G0, a growth state G1 and a
mitotic state S/G2/M, i.e. when a mother cell divides into two new daughter
cells (see figure 4).

Progression through the cell cycle takes place at a fixed rate, depending on the
time step, culminating in mitosis. Cells may enter or leave an inactive phase
of the cell cycle (G0) depending on certain rules based on contact inhibition,
structural stress, and local drug concentration (received as input from the DD
model).
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The contact inhibition (CI) ruleset builds on the work of [28,29], started with
the observation that cells in the centre of colonies epithelial cells (grown in a
monolayer) become quiescent due to intercellular signalling which is mediated
via cadherin cell-cell physical bonds. By implementing a CI rule, the authors
saw a good qualitative fit between the computational epithelial growth model
and the in vitro culture growth under similar conditions (with respect to
calcium concentration). In the present SMC model, the contact inhibition rule
was applied to SMCs within the vessel wall in, permitting the maintenance of
quiescence in a densely packed, uninjured intact vessel wall.

In particular, the number of SMCs, IELs, and obstacle agents (e.g. the stent
struts) within a certain range are computed. If the weighted sum exceeds a
pre-determined threshold, the cell is contact inhibited. Additionally, cells are
contact inhibited when they are closer to the outer surface of the tissue then
the center of the nearest strut. This is designed to keep SMCs at the outer
tissue surface quiescent, which would otherwise not emerge from the threshold
count criterion since no outer lamina is modeled.

Cells can begin a proliferative stage also depending on their internal structural
stress state (calculated computing all the forces acting on a cell in tangential
and radial directions). In particular, if a previously quiescent cell were exposed
to a stress exceeding a defined threshold, that cell would proceed to cell cycle
entry and eventual proliferation. (this mechanism activate SMC response to
the initial injury caused by stent deployment). SHOULD WE SAY THAT
THIS RULE WAS NOT USED? OR REMOVE THE PREVIOUS
PARAGRAPH?

Furthermore, for SMCs in contact with the fluid, rules are based on hydrody-
namic parameters such as thresholds of wall shear stress (WSS) and oscillatory
shear index 1 (OSI). These parameters are received as input from BF. In par-
ticular, low WSS, high OSI or high structural strain are individually capable
of inducing agent proliferation if drug concentration and contact inhibition
criteria allow.

4.1.3 Drug Diffusion in Cellular Tissue

Drug eluting stents represent an effective way of inhibiting neointima forma-
tion after stent-deployment. This process is captured in the present model
through implementation of the Drug Diffusion (DD) kernel. Drug is eluted
from the stent and diffuses into the cellular tissue. Thus the spatial domain
for the DD kernel is coincident with that of the SMC.

1 The oscillatory shear index (OSI) measures the variability in time of tangential
stresses. It is proportional to the ration between the mean value of the shear stress,
in a period, and the average in time of its absolute value [10,18].
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Biological tissues are heterogeneous in nature so we assume that this process
can be described using a generic anisotropic diffusion law:

∂tc(t,x) = ∇ · (Ddrug∇c(t,x))

c(t,x) = c0, t > 0,x ∈ Ωstent

c(t,x) = 0, t > 0,x ∈ Γflow(t)

(5)

where c(t,x) is the concentration of the drug in the position x at time t, and
Ddrug is the diffusion tensor.

In equation (5), Ωstent denotes the part of a vessel occupied by the stent strut,
Ωtissue represents the tissue subdomain, and Γflow corresponds to its interface
with the flow domain.

Furthermore, we assume a complete time scale separation between flow and
diffusion, in the sense that drugs eluted into the lumen are immediately and
continuously flushed away by the faster blood. In (5), this is taken into account
by a sink boundary condition on Γflow. On the other hand, stent struts act as
a source.

In the practical algorithm, after discretization of the whole model geometry,
mesh points are classified as tissue, source or sink. These are treated differently
during the computation.

The diffusion tensor is chosen such that diffusion along the axis of the artery
(or tangential to a cross section) is at least 10 times higher than diffusion in
the radial direction [17,20].

To solve equation (5) numerically, we employ a Finite Difference (FD) ap-
proach which is solved using a Propagation-Collision loop 2 , thus fitting with
the the CxA modeling language.

According to [20], the time scale to reach the steady state is of the order
of minutes (comparable with the SSM in figure 3). Therefore, when coupling
DD and SMC, we are mainly interested in the steady drug concentration (the
time step for the SMC model, which uses the drug concentration as input, is
of the order of 1 day). In the context of this CxA model, this allows direct
consideration of the simplified equation:

∇ · (Ddrug∇c(t,x)) = 0 (6)

2 LB approaches for the diffusion equation could also be used. The choice of a
FD scheme was dictated by two main arguments: (i) FD schemes in general need
less memory than the LBM; (ii) the choice of a FD helped us to investigate and
demonstrate the coupling of the different modeling approaches within the same
CxA.
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Figure 5. The Connection Scheme, showing the single scale models (Bulk Flow,
SMC, Drug Diffusion), the Init agent (used to generate the initial structural stress
condition in the tissue), the mapper agents and the conduits. Single scale models
are mesh-based (BF, DD) or Agent-based (SMC).

(with appropriate boundary conditions).

4.2 The In-stent Restenosis CxA: Kernels, Connection Scheme and Conduits

In order to combine the single scale kernels described above using MUS-
CLE [1], we need to define a communication graph, the Connection Scheme
(CS), which specifies in detail the communication topology of the CxA, defin-
ing which pairs of kernels communicate. The Connection Scheme for the CxA
model of in-stent restenosis is shown in figure 5.

In addition to BF, DD and SMC kernels, the current CxA setup includes a ker-
nel which generates the initial conditions (IC) by simulating stent deployment
into the cellular tissue (see section 5.1).

Multiscale coupling is implemented using special agents called smart conduits.
Often, these perform filtering operations, converting output data from one sin-
gle scale model to appropriate input for another. This is the case for geometri-
cal couplings (through changes in the domains), when new SMC configurations
(continuum based) are transformed into lattice based computational domains
for BF and DD:

Conduit: SMC to BF. This conduit converts the array of positions and
radii of cell agents, into a computational mesh for the flow solver which is
decomposed into fluid and solid nodes.

Conduit: SMC to DD. Similarly, this conduit converts the array of positions
and radii of the cells, into a computational mesh for the drug diffusion solver,
marking the nodes as tissue, source, or sink.

In some instances, the interaction between kernels is slightly more complex,
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and multiple inputs are required to compute one output. In these cases we
introduce mapper agents (see figure 5). which, in the present CxA, are required
whenever an input to the SMC model is generated:

Mapper: BF to SMC. The values of fluid shear stress at the boundary affect
the biological evolution of the cells. Given the output of the bulk flow solver,
and the current cell configuration, a mapper agent computes the shear stress
on each cell. Depending on the discretization used for the flow solver, different
approximation approaches can be used. If the flow grid is coarser than the
spatial scale of the SMC model (the radius of the cells), an algorithm must
be used in order to determine which cells are in contact with the flow, then
the shear stress is extrapolated from the closest boundary fluid nodes for each
cell position. On the other hand, if the flow discretization is sufficiently fine
more fluid boundary nodes interact with a single cell and the shear stress on
the cell surface can be calculated by averaging the values of the closest nodes.

Mapper: DD to SMC In this case, the drug concentration calculated in
the DD has to be mapped to the SMC agents. Given the current drug con-
centrations and the SMC configuration, the mapper agent approximates the
concentration on each cell. As for the shear stress approximation, the algorithm
used depends on the grid size of the DD model. If the grid is fine enough (with
many lattice nodes per SMC), the concentration on a cell can be integrated. If
a coarse DD grid is used, the concentration for each cell is extrapolated using
data from the closest nodes.

5 Simulation Results

5.1 Benchmark Geometry and Initial Conditions

As a benchmark geometry for the 2D CxA model, we consider a vessel, of
length 1.5 mm and width 1.24 mm, where two square struts of side length 90
µm have been deployed. Dimensions of these 2D struts are matched to those of
the BiodivYsio stent, which was used routinely in experimental works [11,6].
The width of the lumen was reduced to 1mm to make the coupled simulations
computationally tractable in the available timescales.

The tissue geometry, in terms of medial (smooth muscle cell layer) thickness
and cell/agent size, was also based on experimental conditions [11]. In par-
ticular, the vessel wall has a thickness of 120 µm. Smooth muscle cells are
generated with an average radius of 15 µm and densely packed inside the wall.

Concerning the parameters for the biological solver, a WSS threshold taken
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Figure 6. Left: Initial condition for the CxA model, including cell configuration,
equilibrated after stent deployment, and the blood flow. Fluid shear stress is color
coded (red high, blue low). Right: The same domain at 28 days post-stent deploy-
ment (672 iterations of the simulation). A neointima of SMC agents has developed
in the lumen. Colour bars refer to the wall shear stress within the lumen in Pascals.

from the literature was adjusted appropriately to take into account the current
vessel dimensions. In particular, a physiological threshold (for SMC prolifer-
ation) of 0.4 Pa in the real coronary geometry corresponds to a value of 2.76
Pa for the presented 2D CxA simulations if the global Reynolds number is
conserved.

To obtain the initial condition based on the above geometry, an initial stress
configuration compatible with the initial geometry must be provided. This ini-
tialization consists of two steps. First, an array of SMC agents, occupying the
region of the artery wall with a given packing density is generated. Since this
process can include a random assignation of cell sizes (within a fixed range)
as well as some randomisation of position, the generated cells may not be in
a state of equilibrium with their neighbours, based in the cell-cell interaction
rules. The structural solver is operated with no external forces and the cells
shuffle to an equilibrium state. Second, in order to generate the initial stress
condition, stent deployment is modelled by computing the forces on the cells
that come into contact with the stent as it is deployed. The direction of the
force is normal to the surface of the stent and the magnitude is determined
by the overlap of the stent with the cell in the same way as any other cellular
contact. Additionally, since the artery wall has hoop (circumferential) stiff-
ness, the deployment of the stent introduces a state of stress into the artery.
This is implemented by application of a radial force on each cell that is a
function of the radial displacement from the original geometry. The initial cell
configuration resulting from this procedure is shown on the left in figure 6.
The struts are clearly visible, embedded in the upper and lower vessel wall.
SMC agents (blue) are lined by smaller internal elastic lamina (IEL) agents
which are absent from the vessel wall region where the strut has penetrated.
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5.2 Qualitative assessment of simulation results

We have run the simulation for an equivalent of 72 days (1700 time steps with
∆t = 1h for the SMC model) for both a bare metal stent and a drug eluting
stent. In the current 2D implementation of the model, stent deployment results
in laceration of the internal elastic lamina (as is observed in vivo) allowing
proliferation of smooth muscle cells into the vessel lumen. These preliminary
results demonstrate neointimal growth (proliferation of smooth muscle cells) in
response to stent-induced injury. If we compare the output from immediately
after stent deployment with that of 28 days later (Figure 6) it is apparent
that the developing neointima causes a reduction in lumen diameter and an
increase in wall shear stress. Because the SMC ruleset dictates that SMC agent
proliferation is inhibited by high shear, once the neointimal growth causes
shear stress to increase past a threshold, an equilibrium is reached and no
more proliferation occurs. This fits nicely with biological theory which asserts
that a vessel remodels in response to changes in haemodynamic forces, until
those forces are normalised [21].

The proliferative response is reduced in the presence of drug; at the simulation
endpoint (72 days), average neointimal thickness at the strut site in the ab-
sence of drug was 0.206 ± 0.005 mm versus 0.192 ± 0.001 mm in the presence
of drug (Figure 7).

This trend was confirmed by examining the ’Normalised Peak Absolute Growth
Fraction (NPAGF)’. This is defined as:

NPAGF(t) =
rM-phase(t)

Ncells(t)
max
s≥0

rM-phase(s) ,

i.e. the product of growth fraction rM-phase (Percentage of cells in M Phase/100)
and total cell number Ncells, divided by the maximum value of the growth
fraction across the series (Figure 7). The present data suggests that peak
proliferation occurs at approximately 22 days in the presence of drug, and
20 days in the absence of drug. As our cell cycle dynamics and bulk flow
parameters are based on porcine data, this second value agrees well with the
findings of Schwartz et al [24] who derived the NPAGF for the rat, pig and
human based on their experimental data and found the peak for the porcine
series to be approximately 20 days.

5.3 Sensitivity Analysis

The single kernels have been singularly validated and their sensitivity with re-
spect to model dependent parameters has been investigated. We remark that,
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Figure 7. Left: Neointimal thickness at 72 days is reduced in the presence of anti-pro-
liferative drug eluted from the stent strut. Right: If Normalised Peak Proliferation
is considered, a single peak of proliferation occurs at 20 days in the absence of drug
whereas in the presence of anti-proliferative drug, peak proliferation occurs at 22
days

Figure 8. Sensitivity analysis: Drug Concentration effect. By varying the threshold
of drug concentration at which SMC agent proliferation is inhibited, the degree of
neointima formed by 72 days is modified.

given the structure of the MUSCLE framework, it is inherently simple to per-
form further sensitivity studies, for the global CxA setup with respect to key
parameters of the single kernels. As an example, we investigated the threshold
of drug concentration at which SMC agents change from a proliferative to qui-
escent phenotype, tunable by changing a single parameter in the global CxA
setup. Figure 8 shows the relationship between this threshold and the amount
of neointima present at seventy two days. Sensitivity analyses using different
spatial resolutions for individual kernels can be also easily implemented.
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5.4 Computational Issues

In this particular case, the heaviest computational cost was represented by the
bulk flow model, due to the fine resolution employed in the vessel (which was
discretized using O(103) nodes in 2D), in order to resolve sufficiently well the
hydrodynamics near the walls. SMC and DD had a negligible cost, for each
integration step. Note that the difference in cost can be reduced, e.g. using
grid refinement approaches, and/or parallel codes. Investigating optimization
techniques was not in the scopes of the present paper. However, an important
practical remark is that the MUSCLE library builds the multiscale coupling
environment independently from the instances of single scale models. In other
words, It is completely flexible with respect to including newly developed
single scale models, as well as handling distributed computing [13].

6 Conclusions and Outlook

We have shown how Complex Automata methodology can be applied in a
challenging multiscale model of in-stent restenosis. In particular, we describe
implementation of the coupling of three different subprocesses which oper-
ate on different time scales. The model has been realised employing a CxA-
dedicated coupling library (MUSCLE), and preliminary results demonstrate
that the CxA model can be successfully implemented within this framework.
This first realisation of the coupled CxA is an important milestone on the
journey towards a full multiscale model of in-stent restenosis.

Although individual models are at a relatively early stage and the current CxA
is simplistic in nature, certain emergent behaviours are already apparent. For
example, proliferation begins in response to injury, peaking at approximately
20 days following deployment in the absence of drug (Figure 7). We are cur-
rently in the process of running additional simulation series, to validate the
trends emerging from the CxA against a biological data-set obtained from in
vivo and in vitro experimentation using stented porcine arteries. In particular,
we aim to characterize restenosis behaviour as a function of injury index [11]
and to investigate the positive correlation between injury and restenosis.

It is important to remark that, although the two dimensional CxA model
provides us with a tool for testing simple hypotheses (e.g. regarding the re-
lationship between stent geometry, the cellular response to injury and the
influence of haemodynamic forces), in order to evaluate realistic stent designs,
however, it is necessary to run three dimensional simulations. This is part of an
ongoing project, in which MUSCLE is being used to couple three dimensional
versions of the bulk flow, SMC and drug diffusion kernels, and additionally, a
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thrombus kernel. Future developments will require as well development of the
single scale kernels. For example, implementation of more complex rulesets,
to allow modeling of intercellular signalling pathways and the effects of deep
injury, and a full pulsatile flow model for a more realistic local hydrodynam-
ics. Moreover, the current CxA can be improved further by including extra
kernels to model processes such as thrombus formation, endothelial loss and
regrowth.
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