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Excessive migration and proliferation of smooth muscle cells (SMCs) has been
observed as a major factor contributing to the development of in-stent restenosis
after coronary stenting. Building upon the results from in vivo experiments, we
formulated a hypothesis that the speed of the initial tissue re-growth response is
determined by the early migration of SMCs from the injured intima. To test this
hypothesis, a cellular Potts model of the stented artery is developed where stent
struts were deployed at different depths into the tissue. An extreme scenario
with a ruptured internal elastic lamina was also considered to study the role
of severe injury in tissue re-growth. Based on the outcomes, we hypothesize
that a deeper stent deployment results in on average larger fenestrae in the elas-
tic lamina, allowing easier migration of SMCs into the lumen. The data also
suggest that growth of the neointimal lesions owing to SMC proliferation is
strongly dependent on the initial number of migrated cells, which form an initial
condition for the later phase of the vascular repair. This mechanism could
explain the in vivo observation that the initial rate of neointima formation and
injury score are strongly correlated.

1. Introduction

Coronary arteries supply blood to the heart, and the walls of these arteries have
three distinct layers: the intima is the innermost layer composed of a single layer
of endothelial cells (ECs) supported by a non-cellular, elastic membrane called
internal elastic lamina (IEL). The middle layer is called media and it mainly con-
tains smooth muscle cells (SMCs) surrounded by a thin external elastic lamina
(EEL). The adventitial layer is the outer layer of the artery wall and generally con-
sists of collagen and elastic tissue. Under pathological conditions, a plaque of fatty
deposits builds up and reduces the blood supply to the heart muscles. The closure
of the coronary artery owing to the presence of such plaques is known as coronary
stenosis. The most common treatment option for such a stenosis is balloon angjio-
plasty followed by stent deployment: a balloon is guided towards the blocked site
and inflated in order to reopen the artery. A metallic mesh-like structure, called
the stent, is placed to hold the artery in an opened position. In many cases, how-
ever, in response to this treatment, the tissue regrows and closes the artery again:
this condition is called in-stent restenosis (ISR). In this paper, we develop a
computational approach to help understand the cellular mechanisms of ISR.
Balloon angioplasty and stent deployment partially or completely denude
the endothelial layer and may stretch, or even rupture the IEL [1-3]. This arter-
ial injury activates platelet aggregation, triggers the migration and proliferation
of SMCs and stimulates the production of extracellular matrix (ECM) materials.
Together, these responses result in a regrowth of the tissue known as ISR [4].
Although ISR involves an interplay between platelets, monocytes, SMCs, fibro-
blast, etc., the migration of SMCs through the injured intima and their further
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proliferation into the lumen are considered to be the prime
culprits in this complex phenomenon [5,6].

The fenestrae in the IEL may act to provide enhanced
communication between the vascular ECs and the SMCs [7].
Moreover, the role of IEL fenestrae has also been suggested to
play a part in the SMC migration from the medial layer into
the intima [8,9]. The morphological changes in the IEL owing
to balloon angioplasty and stenting might have an impact on
the migration of underlying SMCs and may affect the growth
dynamics of ISR. According to Gunn et al. [3], neointima (the
new tissue layer formed due to the arterial injury) can still
develop in the presence of an un-broken IEL, and there seems
to be a direct correlation between the IEL stretch, based on
the angle between the IEL and the stent strut, and the final
neointima in porcine animal experiments [3] as well as with
the initial rate of neointima formation [3,10].

Right after vascular injury, SMCs from the medial wall
have been observed to migrate through the IEL fenestrae
into the lumen where they start to proliferate [9,11]. Under
physiological conditions, SMCs tend to remain in a contrac-
tile quiescent state (GO of the cell cycle). However, after the
arterial injury, some of these cells change their phenotypes
and enter the G1 growth phase [12]. During the G1 phase,
an increase in the cell volume along with an increase in the
cell viscosity takes place [13]. The cell becomes less adhesive
to its neighbours in the later phase of the G1 (Gyp) cell cycle,
provoking cell migration [13]. Fukui et al. [13] observed most
of the cultured migrating SMCs in the later G1 phase of the
cell cycle and this seems to be consistent with other studies
related to drugs such as rapamycin or paclitaxel which
have been used to block the cell cycle progression. Those
studies reported the inhibition of cells migration owing to
the presence of drugs [14,15].

Several modelling methodologies (finite-element, cell-based,
lattice based) have been adapted in the past to model different
aspects of ISR both at tissue and cellular levels [10,16—19].
Cell-based models, including off-lattice, agent-based models
(ABMs) or cellular Potts models (CPMs), can simulate the
dynamics of the functions occurring at the cellular level in a
relatively straightforward way. In earlier work, we have devel-
oped ABMs fully coupled with blood flow to simulate the
process of ISR [10,16,17] where the ISR final growth response
owing to injury and the role of re-endothelialization on ISR
have been studied. However, these models do not allow one
to incorporate the SMC migration through the IEL layer and
instead, a broken IEL layer has always been used to estimate
the injury. In comparison with our previous ABMs, CPM
permits both the migration through the IEL fenestrae and pro-
liferation of cells at the same time, which makes it a better
choice for simulating the initial phases of ISR. Recent develop-
ments in the CPM allow one to replicate the stress—strain
relationship of tissues, e.g. the vascular wall, by linking cells
or subvolumes of the ECM with springs [20] or using hybrids
between the CPM and mechanical finite-element models [21].
We developed a CPM of the stented vessel to study the basic
mechanisms in the initial phase of the ISR response.

In this paper, we formulate the hypothesis that SMC
migration during the early events after vascular injury might
be the main cause leading to the development of ISR and
that the amount of ISR directly correlates with the amount of
early SMC migration. To support this hypothesis, we devel-
oped a CPM of stent placement in a pig coronary artery. We
use the model to study potential cellular mechanisms during
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Figure 1. A benchmark two-dimensional un-stented vessel composed of con-
tractile SMCs (middle layer, pink) and two laminae. IEL is shown in yellow (top
layer) whereas EEL is shown in blue (bottom layer). (Online version in colour.)

the initial phases of ISR. The results and growth trends are
qualitatively compared with available in vivo data and other
published in silico models.

2. Material and methods
2.1. Computational model of in-stent restenosis

ISR is a complex pathophysiological response involving an inter-
play of biochemical and biomechanical effects. As endothelium
is usually damaged or dysfunctional during the early days, shear
stresses occurring from the blood flow are particularly important
during the middle and later phases of ISR progression, where
they mitigate ISR growth [22-24]. The effect of flow shear stresses
on the growth and tissue morphology of ISR afflicted vessel walls
has already been highlighted in our previous studies using
coupled ISR models [10,16]. However, the early phases of ISR
that we focus on here seem to be mainly dependent on the
extent of injury to the vascular wall [3]. Therefore, this study
does not include the role of blood flow.

The CPM was introduced by Graner & Glazier [25,26] and has
been applied in studies of collective behaviour of cellular structures
and of biological development. The CPM describes biological cells
as domains on a regular lattice. Each cell has its own identity o and
is represented as a set of lattice sites sharing the same index. There-
fore, every lattice site x is a part of one specific cell that has its
particular identity o(x). Any lattice site that does not belong to
any biological cell type is typically considered as a medium with
a cell identification number o = 0. Additionally, every cell in the
CPM is marked with a label 7(o) > 0 to identify a biological cell
type. The classical implementation of the CPM employs a modi-
fied metropolis Monte Carlo algorithm to describe amoeboid
movement. The dynamics of the cells is described by a globally
defined effective Hamiltonian, H, which usually is the sum of
terms representing cell adhesion and volume or surface constraints.
All the upgrade steps in the CPM are related to the actual biological
process of cell expansion and retraction, leading to actual biological
kinetics as, for example, shown for cell sorting [25,27]. The CPM is
further explained in the electronic supplementary material (text S1).

In this study, a two-dimensional CPM-based ISR model has
been developed using the tissue simulation toolkit [28—-30]. A two-
dimensional vessel (figure 1) with a segment length of 1.5 mm and
a lumen width of 1 mm is placed in a rectangular dish (1124 x
1330 lattice sites) corresponding to 1.50 x 1.775 mm where the size
of one CPM pixel is 1.3346 pwm. The vessel wall thickness is kept at
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120 pm based on the typical medial wall thickness observed in por-
cine histological coronary artery sections [3]. Currently, the vessel
wall is solely composed of five layers of SMCs, bounded between
two thin elastic layers: IEL and EEL. To achieve this, both elastic
lamina layers (IEL and EEL) were first created, and then the SMCs
with an average surface area of 445 pm? (~24 um in diameter)
were seeded to fill the empty space between both laminae.

The medium properties and the energy between the elastic
laminae (IEL and EEL) and medium are kept constant throughout
the simulations. The magnitude of adhesion between the SMCs
and the ECM has been observed to influence the SMC motility
[31] and in physiological conditions, the quiescent SMCs (con-
tractile) strongly adhere to the ECM and remain stationary [32].
However, under pathological conditions, the medial SMCs
change their phenotype from a contractile (non-proliferative) to a
synthetic (proliferative) phenotype [4]. Synthetic SMCs adhere
less to the ECM, and they migrate by creating or breaking dynamic
attachments with the ECM [33,34]. A similar strategy has been
incorporated in the current model by differentiating between
these two SMC phenotypic properties where high adhesion
energy between cell-type pairs of SMCs and ECM components
(IEL and EEL) is selected for contractile SMCs (prior to stenting),
whereas a low adhesion energy has been imposed between cell
type pairs of SMCs and ECM components post-stenting (synthetic
phenotype). A full list of parameters used in the current model is
tabulated in table 1. These parameters were selected from another
study [35] where a single strut was deployed into a small portion of
the artery and a detailed parameter analysis was performed (see
electronic supplementary material, text S2, for more details).

2.2. Elastic laminae

We used CPM cells to describe ECM units (IEL and EEL). The
monolayers of elastic laminae, both IEL and EEL, are each rep-
resented by their own cell type (value of 7(¢)) in the model.
The lamina ‘cells” are assumed to adhere strongly to one another,
such that they form a unified membrane; a list of all interaction
energies is given in table 1. To maintain mono-layered laminae,
every ‘cell’ in the lamina is connected to the neighbours on
either side (right and left) of the same cell type via Hookean
springs of resting length L;(k) connecting the centres of mass.
To this end, each link contributes an additional energy bias
Helastic in the Hamiltonian [20]

elastlc = Z )‘elashc(k X (l(k) LT(k)) (21)

k=link

where k is a link, (k) is the current length of the link, Ly(k) is the
specified target length of the link. The term Agjastic(k) represents
an elasticity parameter, resulting in a stiffer link with a higher
Aelastic(k) value. The link length I(k) is estimated by calculating
the absolute distance between the centres of mass of two cells
connected to each other by a link. Rupture of the IEL is permitted
by removing IEL links based on the link length. If the length of
any IEL link exceeds twice its target link length, we remove
that specific link. The first and the last lamina cells on the hori-
zontal boundaries are fixed to the lattice in order to hold the
vessel in place during stent deployment.

To generate fenestrae in the IEL, in a set of randomly selected
links, we increased the target length (L = 5 pixels (6.67 pm)) to
Ltp = Ly + fenestrae_size, with Lyr the fenestra size. The gap
density is given by the fraction of links to which the enlarged
target Lyp is assigned. The size of the IEL fenestrae may affect
the migration of SMCs from the media into the lumen; therefore,
a careful selection of the gap size in the in silico model is crucial.
We used an average IEL fenestration diameter of 2 pixels
(2.669 pm), based on the findings of Kwon et al. [36] in the por-
cine coronary arteries. To observe the effect of this parameter on
ISR dynamics, we also varied the fenestration size between 2 and
7 pixels (2.669-9.34 pm). The results from these fenestrae size

Table 1. Simulation parameters.

parameter value

effectlve 5|mulat|on temperature T 25
o number . s SMCs e
R of IEL ceIIs e
el
HSMCStIffneSS/\sMC o
elasticity parameter of elastlc Iamlnae )\|ammae - 50 R
(IEL and EEL)
e enery et synthet|c ae e
(sSMC—sSMC)
o ety et qmescent we e
(qSMC—qSMOQ)
e vty b
madheswn ey betweenEEL vvvvvv e
- surface tension between synthetlc sMCand L -5
” surface tension between synthetlc SMC and L 125
 surface tension ‘between synthetlc SMC and medlum. B
v vsurface tension between quiescent SMC and IEL 75
 surface tensmn ‘between qmescent SMCand L 45
Wsurface tension between quiescent SMC and medlum s
 surface tensmn ‘between IEL and medium R
' surface tension between EEL and medlumv - 275'”” -
"~ Monte Carlo step at which qmescent SMGs 20000
become synthetlc
* Monte Carlo steps in which vessel is initialized 2000
and stent is deployed
 total simulation time in Monte Carlo steps 100000
* SMC growth rate during cell cydle r  u8umh

analyses are discussed in the electronic supplementary mate-
rial (text S2) and shown in electronic supplementary material,
figure S2. In addition to the average fenestration size, the mean
density of the IEL (the number of holes appearing in a specified
area) may also affect the total number of migrated SMCs. In
this study, 5.89 gaps per 100 um is chosen as a gap density based
on the highest average rate of appearance reported in [37].
We also evaluated the effects of a lower gap density for IEL
(1.5 gaps per 100 pm) on ISR growth and results are discussed
and shown in the electronic supplementary material (text S2 and
figure S2). The above-mentioned parameters (fenestration size
and gap density) are applied in an equilibrium state (pre-stenting),
but the stretching of the vessel wall in response to stent deploy-
ment affects the equilibrium distance between the IEL cells and
hence disturbs the fenestration size, especially near the stent
struts where stretch is usually more prominent. This causes an
increase in the fenestration size, leaving behind enlarged holes pre-
senting an easy way out for the SMCs to scroll and migrate through
the IEL. Naturally, medial and adventitial layers surround the EEL;
however, we do not take into account the presence of adventitia
and the role of fenestrations in the EEL layer. Addition of EEL
fenestrations without the adventitial layer will make it impossible
for the SMCs to stop migrating and proliferating outside the
EEL area, which is unrealistic. Therefore, we do not consider any
fenestrations in the EEL layer.
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Figure 2. Stent deployment procedure. (a) Un-stented vessel. (b) A force
field is initialized at the locations where stent struts will be deployed and
this causes the vessel to deform outwards from those locations. (¢) Force
field is kept switched on until the desired deployment depth is reached.
(d) Stent struts are placed inside the vessel and the force field is switched
off. (Online version in colour.)

2.3. Stent deployment

The stent struts are deployed in the centre of the vessel section by
pushing two square stent struts into the vessel walls. Stent struts
are represented by a special cell type impenetrable for the biologi-
cal cells (i.e. if a cell attempts to copy into the stent, the update is
rejected). The stent material is non-adhesive, to which end a high
adhesion energy is assigned to the struts.

Smooth muscle cells retain contractile properties until the
final deployment depth is achieved. The cross-sectional thickness
of the struts is kept constant at 90 pm. The deployment process is
modelled by perceiving AH (change in the Hamiltonian) as a
force field, Foc VH. The force was gradually applied on the
tissue perpendicular to the horizontal axis until it reaches a speci-
fied deployment depth, after which the stent is introduced and
the force is released. The width of the force field is set equivalent
to the thickness of the strut and is effective on all the cells at the
locations where struts will be deployed (figure 2).

The process of the force field is implemented by biasing the
AH of all the index change attempts. If an index change attempt
is in the direction opposing the deployment direction, a positive
value of F is added to the AH to discourage the copy attempt;
however, if the copy attempt is in a similar direction as the
applied force, this is encouraged by subtracting F from AH. No
restrictions are applied to the index change attempts in the direc-
tion perpendicular to the direction of deployment. To achieve a
radial expansion in the vessel during stenting, parallel force
fields in opposite directions from inside of the vessel are applied
to both struts (figure 2b,c). This rule can be stated as

AH — AH +sgn(y, —y) x F, lattice site x € force field
| AH, otherwise ’
(2.2)

for the lower strut, and

AH +sgn(y —y,) x F, lattice site x € force field
AH = . ,
H, otherwise

23)

for the upper strut. Here, sgn is the sign function, y, is the y-
coordinate of the lattice which tries to copy itself in the lattice
with a y-coordinate ‘y” and F is the applied force. The magnitude

and the duration of the applied force is kept constant for all the
simulations presented in this study.

2.4, Smooth muscle cell migration and proliferation

In this study, the time unit is determined by relating the cell cycle
progression with the average cell cycle duration of porcine SMCs.
A typical cell cycle length of aortic porcine SMCs is 32 h [38], and
based on this, an SMC doubles its volume and finally divides
into two cells (parent and daughter) every 32 h. Taking that
into consideration, we have adjusted the pure doubling speed
of the cell (32h) to 3776 Monte Carlo steps (MCS), resulting in
118 MCS equal to 1 h of real time.

In our model, all SMCs change their phenotype from contrac-
tile to synthetic immediately after stent deployment. These SMCs
are then allowed to proliferate according to a set of rules.

Cell proliferation is controlled via a cell-cycle rule where a
cell initially increases its area until it reaches a prescribed area.
It then divides along the short axis into two equal-sized cells
(parent and daughter). The transition from contractile to syn-
thetic does not affect the volume of the cell immediately. If the
synthetic cell is allowed to grow, the cell volume increases at a
fixed rate.

Based on observations of cultured cell colonies of epithelial
cells, where cells in the middle of the colonies were identified
as quiescent [39-41], we have developed a contact inhibition
rule where, if any SMC is completely surrounded by the neigh-
bouring cells and has no contact with the medium, then that
specific cell is assumed as contact inhibited. This rule has already
been used in our other multiscale ISR models [10,16,17,42].

A checkpoint-oriented cell cycle model has then been used,
where the state (G0, G1, G2) of cell is switched based on the contact
inhibition rule. If any synthetic SMC is not contact inhibited, the
cell enters into the G1 phase where the target area of cell is gradu-
ally increased for 16 h until it reaches a critical (doubling) surface
area. After this point, the cell enters the G2 state where it just
stays for another 16 h before it divides into two cells. The contact
inhibition rule is continuously applied throughout the cell cycle
to check if the cell remains in contact with the medium. If somehow
the cell is no longer attached to the medium during the cell cycle
evolution, it is put back to the GO0 state while maintaining its cur-
rent cell area. After division, target volumes for the parent and
daughter cells are set to half of the target volume of the mitotic
cell just prior to cell division. The parent cell keeps the properties
of the actual mitotic cell, whereas the daughter cell is assigned
with a new cell index.

Because SMCs are tightly packed within the IEL and EEL, the
only possible gaps the SMCs can find to be in contact with
the medium are those that exist in the pores of the IEL layer. The
SMCs adjacent to such gaps are allowed to leave the GO state
and, if the IEL gaps are wide enough, they can also migrate through
them and appear into the lumen where they can continue to pro-
liferate. In real vessels, old ECM degradation, cell detachment,
migration and deposition of new ECM are all involved in the pro-
cess of cell migration. We do not include the role of ECM
degradation and deposition in SMC migration. Moreover, the
term SMC migration used in this study includes those cells which
were pushed out through the IEL owing to SMC proliferation
inside the vessel.

2.5. Injury scores

Stent deployment stretches the IEL, widening the fenestrae or
breaking it. Based on the condition of the IEL layer, Gunn et al.
[3] identified three ‘injury scores’, injury scores 1, 2 and 3. In
injury score 1, the IEL remains intact and the angle between
the IEL and the base of the strut falls below 45°. For injury
score 2, the angle exceeds 45°. For injury score 3, the IEL layer
breaks.
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injury 1

scenarios IEL stretch angle deployment
(©)] depth (D)

Inj1_20 6<45° D =20 pm

Inj1_40 0<45° D =40 pm

synthetic SMC

injury 2

scenarios IEL stretch angle deployment
(6) depth (D)

Inj2_70 45°<0<70° D =70 pm

Inj2_90 45°<0<70° D =90 pym

injury 3

scenarios IEL stretch angle deployment
(C) depth (D)

Inj3 6>70° and IEL is D =190 um
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Figure 3. Injury score and angle of IEL stretch. (a) Injury score T where the angle is below 45°, (b) injury score 2 where IEL angle is above 45° and (c) injury score 3 where IEL
ruptures. The large cells (in red) represent synthetic SMCs, whereas top (yellow) and bottom (blue) linings represent IEL and EEL layers, respectively. (Online version in colour.)

Based on Gunn'’s injury scores, the injuries are identified in our
model by measuring the angle between the IEL and the base of
the stent strut (figure 3). Five simulation scenarios are designed
in which we deploy struts at increasing depths into the tissue
(figure 3). For injury score 1, we test two scenarios: Injl1_20 and
Inj1_40 in which struts were deployed at 20 and 40 pm. Similarly,
we test two scenarios for injury score 2: Inj2_70 and Inj2_90, where
stent deployment depths were 70 and 90 pm. Injury score 3 (Inj3)
occurs if the IEL breaks. After breaking, the IEL retracts until it
reaches an equilibrium state with 0% strain (figure 3c). Apart
from injury induced by the stent, balloon angioplasty [43] can trig-
ger neointima formation. We therefore set up an additional
scenario (Inj_BA) in which only the complete endothelium was
removed, inducing a phenotypic change of the SMCs from contrac-
tile to synthetic. This scenario represents a un-stented vessel after
balloon angioplasty alone.

3. Results

To characterize how injury owing to stenting or balloon
angioplasty affects cell migration, we counted the number of
migrated SMCs through the enlarged IEL holes for each scen-
ario. Figure 4 shows a snapshot of the cells migrating through
the IEL layer using the scenario Inj2_90. The black arrows indi-
cate those cells that have entered into G1 and started migration.
The number of migrated SMCs that crossed the IEL barrier
within the first two weeks after stenting were counted for each
scenario. The decision to count a cell as migrated is based on a
careful visual inspection from the images, which were generated
every hour for each simulation. Visual inspection allows us to
distinguish migration from proliferation of neointimal cells:
we counted only cells which migrated through the IEL for the
first time, thus excluding cells appearing in the lumen owing
to proliferation of migrated cells. Figure 5 shows the migration
of SMCs for all injury scenarios. In the Inj3 scenario, the

Figure 4. A small portion of the vessel near the stent strut showing the
migration of SMCs through the IEL fenestrae. Black arrows show those specific
SMCs which have started migrating through the IEL gaps. The majority of
cells (in red) are the synthetic SMCs, whereas the other (non-red) cells
show the SMCs which initially entered into the cell cycle but could not
migrate or get through the IEL layer into the lumen and finally proliferated
inside the vessel wall. The snapshot is taken at 24 h post-stenting and the
strut deployment depth is 90 m (Inj2_90). The IEL and EEL cells are now
coloured black. (Online version in colour.)

broken IEL layer complicates the cell migration counts: the
SMCs which are no longer contact inhibited by the IEL layer
are also counted as migrated SMCs. These exposed cells can
immediately enter into the cell cycle and give rise to neointima.

Every scenario is simulated 10 times. Results are expressed
asmeans + s.d. The averaged results of the number of migrated
SMCs through the IEL as a function of time are shown in
figure 5. It is clear from figure 5 that the migration of SMCs
increases with an increase of the vascular injury. However, no
differences between the Inj_BA and the two Injl scenarios can
be observed. Additionally, the SMC migration among all
injury groups appears to stop approximately within the first
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no. migrated SMCs
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time (days)
—Inj_BA -Inj1_20 -Inj1_40 --Inj2_70

Inj2_90 - Inj3

Figure 5. Number of SMCs migrated as a function of time for all the injury
scenarios. (Note that the inj_BA curve is hardly visible and overlaps with the
inj1_20 curve.) (Online version in colour.)

week after injury. This is due to the fact that once an SMC
migrates through the pore of the IEL, it starts to proliferate at
that location, thus blocking the passage for other SMCs through
that specific pore. Figure 5 also highlights a significant increase
in the number of migrated SMCs in the Inj3 scenario, where the
IEL ruptures, when compared with the other injury scores.

Figure 6 shows the progression of neointimal development
owing to SMC proliferation at 7, 14 and 21 days post-stenting.
To further characterize the formation of neointimal tissue in
our model, separate colours were applied to the initial syn-
thetic cells as soon as they started to divide for the first time,
such that each colour segment derives from one particular
cell. Figure 6 shows how some migrated cells give rise to a
large portion of the neointima, whereas others form much
smaller colonies. Also higher injury scores induce a large
number of colonies: indeed, the number of colours agrees
with the number of migrated SMCs.

Figure 7 qualitatively compares the rate of tissue growth in
all scenarios. The simulation results suggest that a higher injury
score corresponds to a slightly faster tissue growth after 14 days
post-stenting. To characterize the progression of neointima
formation in detail, figure 8 plots the number of neointimal
cells as a function of time for all injury scenarios. The data
show an increase in the number of neointimal cells as a function
of time for all injury scenarios. The growth speed increases
with injury score, except for the Inj_BA and Injl scenarios,
where a complete overlap of the growth response is observed.
It is worth noting here that counting of the neointimal cells also
includes migrated cells, because they are also part of the neoin-
timal tissue. It is evident from figure 8 that the rate at which
SMCs proliferated increases with the injury, resulting in a
faster neointimal growth with a deeper injury, although this
statement does not satisfy the overlap between the Inj_BA
and Injl groups (Inj1_20 and Injl_40). Neointimal cells are
only counted until 14 days after stenting, because there is no
stopping mechanism (except contact inhibition) in the current
model that can inhibit or stop cell proliferation, unless the
vessel is completely occluded. In another model, where we
do include such stopping mechanisms (re-endothelialization
and blood flow), we find that the growth rate starts to decrease
around 14 days [10,17].

Figure 8 also shows that the growth response for each
injury scenario follows an exponential trend during the initial

few days after stenting and after which the growth trends n

become approximately linear. However, the exponential
growth in the first few days is less prominent for the higher
injury (Inj3). Therefore, to further elucidate the cell prolifer-
ation response in each injury scenario, exponential
regression is applied to the neointimal cell count data. For
such regression analyses where trends change from exponen-
tial to linear, the quality of the regressions tremendously
differs depending on the fitted time interval (the time interval
in which regression analysis is carried out). The parameters
such as initial number of cells (Np), the growth rate () and
the quality of the fitting (R?) obtained from the exponential
regression analyses are shown in figure 9 and plotted as a
function of the fitted time interval for each injury scenario.
Figure 9 clearly shows that the quality of the fitting (R?
goes down with an increase in the fitted time interval and
this decrease in regression quality suggests that the growth
trends start to deviate from exponential growth. It is also
clear from the regression analysis that Ny increases with an
increase in the injury. An opposite behaviour is observed
for the growth rate.

Surface tension (y) between two cell types can have an
impact on the cell migration. Therefore, in the absence of cell
proliferation, a few simulations were run by varying the magni-
tude of surface tension between SMCs and IEL (figure 10a).
It was observed that negative values of y promote higher cell
migration, whereas zero or positive values of vy inhibit
complete cell migration (figure 10b).

4. Discussion

Our computational results suggest that the migrated SMCs
through the IEL fenestrae play the most important role in the
ISR development during the first few days and clearly show
the involvement of migrated SMCs in the growth of neointima.
Measuring the mean distance between the IEL cells has also elu-
cidated the possible effects of stenting on the stretch of the
IEL fenestrae (electronic supplementary material, figure S3).
The results suggest that IEL holes become larger in the regions
where struts were deployed, and the magnitude of such enlarge-
ment in the hole sizes directly correlates with the strut
deployment depth (injury), which in turn correlates with the
number of migrated SMCs and the rate of neointima formation.

The initial number of SMCs migrated into the lumen
further dictates how fast a neointima will grow: a higher
number of migrated cells corresponds to a faster neointimal
growth as evident from figures 5, 7 and 8. According to our
hypothesis, SMC migration is key in building a base for neoin-
timal development and depending on the degree of injury,
the number of migrated SMCs varies leading to different
neointimal growths. Unfortunately, there are no quantitative
in vivo data available to validate this. Apart from this, our
computational proliferation growth trends (figures 7 and 8)
qualitatively match well with the stented porcine coronary
arteries in vivo data (electronic supplementary material,
figure S5), in the sense that the in vivo data show a positive cor-
relation between the rate of neointima formation and injury
score, as in our model (figures 7 and 8). In this study, we ver-
ified our hypothesis that migration of SMCs through the
fenestrae of IEL into the lumen is needed to start neointima for-
mation and that the number of migrated SMCs correlates with
the injury score. Therefore, based on the results presented in
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Figure 6. Progression of neointima owing to SMC proliferation at follow-up time points (a) at seventh day, (b) at 14th day and (c) at 21st day. The stent is deployed
at 90 pm (Inj2_90). Cells with the same colour (except red) indicate that they all descended from the same mother SMC that migrated into the lumen

immediately after stenting.

(@)

w

Figure 7. A qualitative comparison of neointimal tissue growth among all injury scenarios. The snapshots are taken after 14 days post-stenting. Black squares in
each segment are the stent struts, whereas different colour segments of tissue in these images represent different colonies of tissue originated from individual cells.

(a) Inj_BA, (b) Inj1_20, (c) Inj1_40, (d) Inj2_70, (e) Inj2_90 and (f) Inj3.
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Figure 8. The growth of the neointimal tissue as a function of time for all
the injury scenarios. (Online version in colour.)

this study, we postulate that the mechanism of SMC migration
could explain the observed positive correlation between injury
score and neointima formation.

Spatial variations and cell density have been observed to
play an instructive role during cell cycle progression [41,44].
Moreover, a reduction in the available space has been observed
to cause cell cycle arrest by preventing the cell from entering
into the S-phase [44]. To further understand the growth
dynamics of SMCs after stenting, we undertook exponential
regression analysis (figure 9) on the data shown in figure 8.
Although a direct relationship between the cell proliferation
and the injury has been observed in figure 8, the exponential
regression analysis results in an opposite reaction showing a
lower growth rate associated with a higher injury. This reverse
behaviour is mainly due to the reason that as more and more
cells proliferate next to each other, the contact inhibition rule
owing to space constraints (crowding of cells) is putting
more cells back to the GO state, resulting in a decrease in the
growth rate. Cells usually follow an exponential growth but,
assuming a fixed available space for the cells to grow, a
faster proliferation of cells in the free regime will sooner turn
the exponential growth dynamics into a linear growth
regime where only the cells at the inner boundary (luminal
side) of the restenosis are growing and the cells inside the
tissue turn into quiescent. In the case of a deeper injury,
more cells migrated into the lumen and entered into the
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proliferative state when compared with the initial number of
migrated cells at lower injuries. This increase in the cell
number near the stent struts activates the contact inhibition
rule a way advance when compared with lower injury scen-
arios, resulting in a decrease in the growth rate. The
experimental observations [41,44] principally agree with the
growth trends observed in this study where we start to see a
decrease in the cell proliferation owing to increasing cell density
(figures 8 and 9).

The emergence of the tissue clones (figures 6 and 7) derived
from a few particular cells does suggest that ISR starts close to
the struts. Very similar clones have been identified in bacterial
colonies where they were attributed to spatial competition [45],
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Figure 10. Surface tension (IEL—SMC) and its influence on SMC migration.
Surface tension (7y) was varied in the absence of SMC proliferation to
observe difference in the SMC migration. (a) Snapshots of the lower half
of the stented vessel showing SMC migration through the IEL layer under
different IEL—SMC surface tensions. (b) Number of migrated SMCs as a
function of surface tension (IEL—SMC).

but according to the best of our knowledge, there is no avail-
able evidence for the predicted clonar pattern in vascular
tissue histology or animal experiments. Detailed histological
studies, e.g. using fluorescent labelling or DNA barcoding
techniques, should confirm if such kind of tissue segments
do appear in reality or not. Moreover, we also observe very
little initial proliferation of the synthetic cells inside the
medial wall, which stopped after some time as those cells
were not able to cross the IEL layer and became quiescent
again owing to contact inhibition. The observation may further
convince clinicians in this field to investigate the evolution of
cellular growth by tracking the migration and growth from
individual cells in real animal arteries and such data will also
be required to validate our tissue model.

In this study, we observed single cell motility of the SMCs
rather than observed a collective cell migration. Strong cell—
cell junctions are necessary for collective cell migration [12].
However, after SMC phenotypic modulation from contractile
to synthetic, SMCs lose adherent junctions and become less
adhesive to neighbouring cells [13,34], thus suggesting the
presence of single cell migration as we observe in this study.
This however warrants the need for further detailed in vivo exper-
iments by tracking individual cells. SMCs are multifunctional
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cells, and cell contractility is a central property of the SMCs under
physiological conditions. Under pathological conditions, these
cells undergo phenotypic modulation and lose their contractile
properties and become highly plastic [46—-48]. Because we are
mainly studying the role of SMC migration and proliferation
under pathological conditions, we have neglected the role of
SMC contractility in this study. The current ISR model has
been used as a stand-alone model where no interaction with
the blood flow has been taken into account. This existing CPM
can further be coupled with a flow model to observe the influence
of blood flow on the dynamics of SMC migration and prolifer-
ation. This will be considered as a next step forward in
developing coupled CPM-flow models.

To conclude, an in silico CPM of a two-dimensional stented
vessel has been developed that allows us to investigate the role
of SMC migration during ISR development. This study has
allowed us to test and prove our hypothesis that the develop-
ment of neointimal tissue heavily depends on the number
of initial migrated SMCs within the first few hours or days.
A decrease or increase in the number of migrated SMCs
during the early days seems to have a dominant effect on the

speed of neointimal growth. This hypothesis however warrants
some further detailed animal experiments, focused on captur-
ing the initial tissue response at a cellular scale and this still
might be far from trivial owing to the complexity and limited
availability of imaging techniques to specifically visualize
and track single cells within a live arterial vessel. From our
experience in modelling ISR (CPM-based ISR model and our
other coupled ISR models) [10,16,17], we however suggest a
complete set of hypotheses that initial migration of the SMCs
in response to injury determines how fast the tissue will
grow, whereas the regeneration of the endothelium and EC
ability to regain their functionality determines if a patient is
going to develop ISR or not. Any alterations in the above
would determine how fast and how much neointima a patient
is going to develop.
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