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Re-establishing a functional endothelium following endovascular treatment is
an important factor in arresting neointimal proliferation. In this study, both
histology (in vivo) and computational simulations (in silico) are used to evaluate neointimal growth patterns within coronary arteries along the axial
direction of the stent. Comparison of the growth configurations in vivo and
in silico was undertaken to identify candidate mechanisms for endothelial
repair. Stent, lumen and neointimal areas were measured from histological
sections obtained from eight right coronary stented porcine arteries. Two reendothelialization scenarios (endothelial cell (EC) random seeding and EC
growth from proximal and distal ends) were implemented in silico to evaluate
their influence on the morphology of the simulated lesions. Subject to the
assumptions made in the current simulations, comparison between in vivo
and in silico results suggests that endothelial growth does not occur from the
proximal and distal ends alone, but is more consistent with the assumption
of a random seeding process. This may occur either from the patches of
endothelium which survive following stent implantation or from attachment
of circulating endothelial progenitor cells.

1. Introduction
In-stent restenosis (ISR), the re-narrowing of the stented artery after percutaneous
coronary intervention (PCI), represents an exaggerated healing response to iatrogenic injury to the vessel wall during angioplasty and stenting [1,2]. In
comparison with bare metal stents (BMS), drug-eluting stents (DES) have dramatically reduced the rates of ISR [3]. However, the antiproliferative drugs
eluted from DES not only impair smooth muscle cell (SMC) growth underlying
ISR, but also delay endothelial regrowth which increases the risk of stent thrombosis [4,5]. Prolonged dual anti-platelet treatment is required to prevent this
potentially fatal complication of PCI.
Understanding the process and mechanism of endothelial regeneration after
PCI is clinically important but remains poorly understood to date. In the 1970s,
a number of studies reported the role of endothelial cell (EC) migration and proliferation from nearby un-injured ECs in the regeneration of endothelium at the
site of injury [5,6]. However, other studies provided evidence to support the development of mature ECs from the homing of endothelial progenitor cells (EPCs)
within the blood [7,8]. In the past decades, intensive effort has been undertaken
to understand the biological properties of EPCs and their relevant contribution
towards endothelial repair, but the results are still conflicting [9,10]. Some recent
reports suggest that EPC may not contribute directly to regrowth of the endothelium during the vascular healing process [9] and perhaps, the only valid
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2.1. Animal experiments
For the purpose of this study, the arteries treated with BiodivYsio
BMS (3.5  15 mm) are taken into account. All animal work was
carried out under UK Home Office license in accordance with the
Animals (Scientific Procedures) Act, 1986 and conforms to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health.
All angiographic procedures were performed under general
anaesthesia; induced with intravenous propofol at a dose of
4 mg kg21 and maintained with inhaled isoflurane 5% in oxygen
via an endotracheal tube. The experimental protocol has been
described in detail elsewhere [13,14]. In total, data from eight coronary arteries were used where stents were deployed in the right
coronary arteries (RCAs). Balloon pressure was kept at 8 atmospheric pressure for 30 s to allow the deployment of the stents.
Heparin (2500 U) was injected before the interventional procedure,
and 150 mg of aspirin was administered orally for 5 days. Animals
were sacrificed at 28 days post-stenting, and stented arteries were
harvested from the animal. Histological sections from the stented
vessels were processed using a previously published technique
[15] where the dissected stented arteries were first perfusion
fixed in 10% formalin and then embedded into a T8100 resin.
Once embedded, arterial segments were cut into approximately
18– 22 sections using a diamond-tipped saw and were then
ground and polished to a section thickness appropriate for light
microscopy [13,14]. Each section was investigated under a microscope, and images of the histological section were saved digitally
for post-processing (figure 1a,b). The resolution of the microscope
was kept constant for all sections, and the scale at which images
were saved was 3.22 mm per pixel.

area ¼

1
jvi  viþ1 j ,
2

where vi and viþ1 are the vectors pointing from the centre point
Pc to point Pi and Piþ 1, respectively (figure 1c).
Total area for a given section (stent or lumen) ¼

N
X

areai ,

i¼1

where N denotes the number of triangles made from points in a
given section. Neointimal area was obtained by subtracting
lumen area from the stent area. As the measurement was a
manual procedure, it was repeated five times, for each section
of every artery, to assess the errors involved in manual selection
(figure 1e).

2.3. In silico model
A computational two-dimensional multi-scale model of ISR has
already been developed [16 – 18] and has been recently used to
study the effect of re-endothelialization rate and subsequent
release of nitric oxide (NO) on the regulation of SMCs [12].
Haemodynamics plays a crucial role during the generation
of ISR, therefore such a complex process can perhaps be better
modelled by decomposing the overall process into single scale
models. Currently, we consider two single scale models: (i) blood
flow, and (ii) tissue growth. These single scale models are coupled to each other using the multi-scale coupling library and
environment (MUSCLE) [19–22].

2.3.1. Vascular geometry
In this study, the vessel length has been increased by a factor of
three compared with our previous model domains. Simulation of
a longer vessel allows more stent struts to be deployed compared
with our previous benchmark geometries, allowing investigation
of the morphological changes in neointima along the length of
the stent under different endothelial regrowth scenarios. We
considered a vessel of a length of 4.5 mm with a lumen width
of 1 mm. The model was initialized by generating the vessel
wall composed of five layers of densely packed SMCs on each
side. The diameter of each SMC was defined as 30 mm; based
on the selected packing density this produced a vessel wall thickness of 120 mm, equivalent to the average medial thickness
observed in histological sections [23]. A thin layer of internal
elastic lamina (IEL) was also generated at the vessel lumen (on
top of SMCs) on both sides of the vessel (upper and lower). Six
BMS struts were deployed to a depth of 110 mm into the tissue,
three on each side of the vessel wall. During the deployment procedure, IEL cells were removed based on the longitudinal, and
hoop stresses with rupture of the IEL providing an estimate of
the injury in the tissue owing to stent deployment. We assume
complete removal of the endothelium owing to the balloon
angioplasty, whereas the stent struts rupture the IEL layer. The
stented vascular geometry is then passed to the coupled blood
flow and tissue growth models.

2.2. In vivo post-processing method

2.3.2. Blood flow model

The digital histology images were post-processed using Matlab
(MathWorks, Inc.) to calculate stent, lumen and neointimal
areas. The stent boundary was identified by manually selecting
points at the centre of each stent strut, the lumen boundary
was identified by manual identification of the lumen boundary.
Both methods assume the area is bounded between points by a

Steady-state blood flow inside the stented vessel at Reynolds
number (Re ¼ 120) was modelled using a standard BGK lattice
Boltzmann method (LBM), assuming blood to be a Newtonian
incompressible fluid with a constant viscosity, m ¼ 4 mPa s,
density r ¼ 1000 kg m23. Based on the magnitude of the
Reynolds number, Re ¼ 120, which is within the physiological

2
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2. Material and methods

straight line. A centre point was identified, and triangles were
constructed for both stent (figure 1c) and lumen (figure 1d ) by
selecting two surface points and the centre point. The area of
each triangle was calculated through the vector cross product
method using the equation shown
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mechanism involved is proliferation and migration of the ECs
from the edges of the injured area [9,11].
Porcine experiments have been helpful to understand
the dynamics of the complex restenotic process and the
underlying mechanisms. Combining such data with the outcomes from numerical simulations can inform understanding
of such processes and allows the testing of new hypotheses.
Both the degree of restenosis and the distribution of neointima along the length of the stent may be influenced by
not only the endothelial growth rate [12] but also the origin
of endothelial regeneration. In this study, we report the variation of neointimal growth along the length of a stented
artery in vivo through analysis of the variability in growth
patterns from porcine coronary histological sections. The
response of the stented artery is simulated to provide
in silico data from a two-dimensional computational model
where two different re-endothelialization scenarios were
incorporated which focus on the effect of the origin of endothelial regeneration (random EC seeding and EC growth from
proximal and distal ends). Results from these two different
scenarios were then compared with the averaged trends of
the in vivo data to identify the most probable mechanism of
re-endothelialization during vascular healing.
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Figure 1. Histological sections and post-processing area calculations. (a) Idealized representation of the vessel where each circle represents one of the histology
sections. (b) A representative histology section. Post-processing techniques to calculate (c) stent area and (d ) lumen area. (e) Example of one artery showing an
average result of the standard human error involved during the post-processing method for the stent, lumen and neointimal areas calculations. The error bars
represent the standard deviation in the results.

range, the notion of laminar flow is completely justified. To perform LBM simulations, every iteration of the coupled model
includes conversion from cell-based stented geometry into a
grid-based computational mesh. Periodic boundary conditions
were enforced at the inlet and outlet, whereas a velocity Dirichlet
boundary condition using the bounce-back rule was imposed
at the inner vessel wall. The choice of using periodic boundaries
in this study was merely due to technical reasons. However, we
ran some initial test trials where we looked at the effects of
the periodic boundary conditions (data not shown). Testing of
the influence of the boundary conditions was undertaken during
the initial stage of the model development by extending the
length of the vessel and then comparing the results with those
for a shorter vessel. The resultant shear stresses and neointimal
growths were comparable, and there were no significant differences observed. The wall shear stress (WSS) on the inner vessel
wall was computed from the flow simulations, and this parameter
was then mapped back from the lattice grid onto individual cells in
the tissue growth model.

rsif.royalsocietypublishing.org
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2.3.3. Tissue growth model
The dynamics of the vascular tissue composed of SMCs is
simulated using an agent-based model (ABM) where each cell
is independently modelled as an agent. Every iteration of the
tissue model contains two solvers:
(i) Physical solver: this solver is responsible for computing the
equilibrium positions of the SMCs based on the intercellular
forces (attractive, repulsive). The repulsive force between cells
is computed as a function of the separation between the centres
of two cylindrical bodies with parallel axes, based on Hertzian
contact [24,25].
Assuming Hertzian contact, the contact force per unit length is

FH ¼



a2 
1
1
,
E p
þ
4
R1 R2

where R1 and R2 are the radius of both cylinders, E* ¼ (E/1 2 v 2)
with E the elastic Young modulus and v the Poisson ratio.
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where s is the distance between the centres of both cylinders.
If it is assumed that there is an attractive force per unit length
that is proportional to the contact length, with a constant of
proportionality K:
FA ¼ 2aK.

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

dx
¼ F(t, x, r),
dt

where x is the vector of cell displacements, r is the vector of cell
radii and C is a matrix of friction coefficients. A measure of stress
is also computed by adding the absolute magnitudes of all the
forces applied to the cell in each of the radial and axial directions.
The rationale for choosing the ABM to represent the bulk
behaviour of the vascular tissue is mainly due to its intuitive
power to incorporate cell growth via the cell cycle. The bulk
behaviour of the tissue is assessed based on the chosen cell –
cell force interaction law and currently, we do not explicitly
incorporate the behaviour of extracellular matrix (the major
structural component of tissues). Furthermore, it has also been
observed that the qualitative large-scale behaviour of the cell
ensemble does not change on varying the exact form of the
interaction cell – cell force law [26].
(ii) Biological solver: this solver simulates the cell cycle based on
the biological rule set. The growth and division of the SMC is
described as distinctive phases of the cell cycle: quiescent state
G0, a growth state G1 and a mitotic stage S/G2/M where a
parent cell divides into two daughter cells. The cell cycle evolution
takes place at a prescribed rate based on porcine SMC cell cycle
data [27] and finally reaches a peak when mitosis occurs. The average cell cycle duration of the porcine SMCs from the point of
entering the G1 phase to division into two daughter cells is 32 h
[27]. A cell can enter or leave the G0 (inactive phase) depending
on certain rules, which include contact inhibition (based on the
neighbour count) and the presence of NO. NO is produced by a
functional endothelium in response to fluid shear stresses, higher
concentrations of NO are assumed to arrest the cell cycle during
the G1 phase and return the cell to a quiescent state. Further details
related to the formulation of the cell cycle have been explained in
our previous publication [12].

2.3.4. Endothelium regeneration and smooth muscle
cell regulation
Based on published material [28], a complete denudation of the
endothelium was assumed immediately after balloon angioplasty
and stenting. It has also been identified that endothelium regenerates as part of the vascular healing process [29]. Once endothelium
is present, it is assumed to respond to the shear stresses generated
by the blood flow and produce NO based on shear stress magnitude. The concentration of NO is then used to inform the process
of cell cycle arrest in the adjacent SMCs, as described above.
If there is no endothelium present adjacent to an SMC, then it
will continue to proliferate, giving rise to neointimal development.
In the current model, no distinction is made between functional

2.3.5. Re-endothelialization scenarios
In silico results were produced under two distinct re-endothelialization scenarios. These scenarios represent possible behaviour of EC
function following stenting as reported in the literature. The first
scenario involves the regeneration of EC from either side of the
stented region (the proximal and distal boundaries of the model)
assuming complete endothelial denudation owing to balloon angioplasty and stent deployment. This scenario of EC proliferation from
both sides inward was highlighted by Itoh et al. [11], where the
endothelium was completely denuded within the injured area.
However, this complete removal of the endothelial layer was largely
dependent on the experimental set-up and the nature of endothelial
damage. The second scenario, described previously [12], involves
random seeding of ECs, assumed to be a result of either endothelial
patches remaining after the balloon angioplasty/stenting procedure
and/or from homing of circulating EPCs to the site of injury. Harnek
et al. [28] have suggested that there may be patches of surviving
endothelium in stented segments, but the exact location of these
leftover patches is not known and the percentage of remaining
endothelium appears to be stent design-dependent [28].
For both scenarios, it is assumed that 100% endothelium
recovery occurs at 23 days post-stenting, as previously described
[12]. The obvious difference in the above scenarios is the evolution of the spatial distribution of endothelium on the inner
layer of the vessel as a function of simulation time.
To compare with the processing applied to the in vivo data,
the surface area of the stent, lumen and neointima are computed
in silico. For the area estimation, rectangles were made with a
height corresponding to the distance between the inner boundaries for both stent and lumen, whereas the width of the
rectangles is chosen to be equivalent to the diameter of one
SMC (30 mm). For the height of the stent rectangle, centre
points in the middle of struts are chosen (figure 2) similar to
the measurements carried out in the in vivo data, however, for
the lumen, the inner most cells in the upper and lower half
were identified within the width of the rectangular window
and the distance between those two points was calculated
(figure 2). The area of the rectangles is computed by multiplying
the width by the height. These rectangles, both stent and lumen
with a width equivalent to one SMC diameter, were moved from
the proximal to the distal end using a step size of 30 mm in order
to compute the area along the axial direction.

4
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Then, the total force per unit length between two cylindrical
bodies is


a2 
1
1
F ¼ 2aK 
.
E p
þ
R1 R2
4

and non-functional endothelium, once endothelium has been
generated it is assumed to immediately respond to shear stress
stimuli. Therefore, we assume that any endothelium which is not
yet mature/functional does not play a significant role. The generation of NO from shear stress has been estimated by extrapolating
the data provided by Guo et al. [30], these details are reported
in our previous paper [12]. Nakazawa et al. [31] observed the
time course of endothelial regeneration in stented porcine coronary
arteries and assessed its functionality by means of platelet endothelial cell adhesion molecule (PECAM-1). A 94% PECAM-1
expression in the stented arteries was observed after 14 days
post-stenting [31]. We have extrapolated and used the time course
information provided by Nakazawa et al. to study other delayed
re-endothelialization situations in our previous paper [12]. In this
study, we assume that 100% endothelial recovery occurs 23 days
post-stenting, as previously described [12]. ECs are not modelled
explicitly in this study. A probability function indicating the presence of a healthy endothelium is used starting with 0%
endothelial coverage immediately after stenting and incrementally
seeding ECs within the domain at a fixed recovery rate. This fixed
recovery rate (4.35% per day) has been determined by computing
the slope of a straight line between 0% (at day 0) and 100% (at
day 23rd) endothelial coverage.

rsif.royalsocietypublishing.org

Additionally, we may define a as the radius of the contact area
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
R21  R22  0:25  (s2  (R21 þ R22 ))
,
a¼
s
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3. Results
3.1. In vivo results
The stent, lumen and neointimal areas were measured five
times for each section of all arteries to obtain a measure of
the error associated with post-processing, this error is shown
for one artery in figure 1e. The most proximal and distal
sections were excluded from analysis as these sections were
obtained very close to the end of the stent geometry, and in
some cases, an incomplete ring of struts excludes the possibility
of computing the stent area. The number of sections in each
artery were normalized to a fractional length of 1 along the
stent as the x-axis in the plot shown in figure 3a, with 0 corresponding to the first section analysed at the proximal end
and 1 corresponding to the last section analysed on the distal
side. The percentage stenosis owing to neointima in each section was obtained using the mean value of stent area of each
section from the five repeated measurements. The variation
in percentage stenosis along the stent is shown for all eight
RCAs in figure 3a. Comparison of the growth at the proximal
and distal edges of all arteries indicates that six arteries
showed higher neointimal growth at the distal end, with only
two arteries showing equal or slightly lower neointima at the
distal end. However, the difference in percentage stenosis
between each end is not statistically significant ( p ¼ 0.16).
To better understand the growth trends, linear regression
was applied to the neointimal area data for each artery to
characterize the variation in slope from the proximal to distal
ends. Analysis of the regression showed that almost all arteries
have a small but positive slope except one where the slope was
20.00118 + 0.0047 (neointimal area per normalized length,
whereas+represents the standard slope error).

3.2. In silico results
Morphological differences in the simulated tissue growth
patterns were observed between the two EC regeneration
scenarios. The in silico results demonstrate a strong effect of

(a) 90
80
70
60
50
40
30
20
10
0
(b) 90
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For both in vivo and in silico results, the descriptive statistics
(stent, lumen and neointimal areas) are expressed as mean +
s.d. Comparison of both in silico scenarios with the in vivo data
used un-paired t-tests where a difference of p , 0.05 was
regarded as statistically significant.

neointimal area (%)

2.4. Statistical analysis
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Figure 3. In vivo variation in the percentage stenosis due to neointimal
growth along the length of the stented segment, measured from histology.
(a) Percentage of neointimal area in all eight RCAs. (b) An averaged result of
neointimal area percentage from all the arteries (shown in figure 3a) while
the vertical error bars show the standard deviation.
the two extreme scenarios of EC regrowth. Random seeding
of ECs resulted in a relatively homogeneous distribution of
neointima along the stented length (figure 4a), whereas the
specification of endothelial growth from both sides results
in a thicker neointimal lesion in the middle of the stented
vessel (figure 4b). These morphological differences are clearly
evident with the use of the same re-endothelialization growth
rate. Stent, lumen and neointimal area computed in silico are
shown in figure 5a,b where neointimal area is obtained by
subtracting the lumen area from the stent area. The neointimal area trends (from the proximal to the distal end) are
significantly different, especially in the centre of the stented
area and at the extremes ( proximal and distal ends). As for
the in vivo results, the percentage stenosis was calculated
and is shown in figure 5c along with the standard deviation
of results obtained from six simulation runs. Figure 5c

J. R. Soc. Interface 11: 20140022

Figure 2. Surface area measurement procedure to calculate stent and lumen areas by making rectangles using stent and lumen boundaries. Neointimal area is
obtained by subtracting lumen area from the stent area. The six grey squares represent stent struts deployed in the vessel. The tissue composed of white SMC cells
underneath the struts shows the original vessel after stent deployment. However, dark grey SMCs represent the neointima in both scenarios.

Downloaded from http://rsif.royalsocietypublishing.org/ on April 14, 2015

(a) 0.035

(a)

rsif.royalsocietypublishing.org

0.030

6

stent
lumen
neointima

area (mm2)

0.025

(b)

0.020
0.015
0.010
0.005

shows a distinct peak in the middle of the stented vessel
when EC regeneration is assumed to occur from both sides,
with the random seeding scenario resulting in a more homogeneous (less pronounced peaks) neointimal growth within
the vessel.

3.3. Histological and simulation results comparison
To compare the two in silico endothelial regeneration scenarios with the in vivo results to examine how well each
scenario agrees with the growth trends observed from histology, the ratio of neointimal area at each location relative
to that at the centre of the stented section was calculated.
These ratios are defined as
ratioproximal to centre ¼

neointimal area N
,
neointimal area at proximal end

and
ratiodistal to centre ¼

neointimal area N
,
neointimal area at distal end

where neointimal area N is the neointimal area at each histological section. Figure 6a,b shows the averaged outcome of
proximal to centre and distal to centre ratio calculations
respectively for all the arteries along with the modelling results
of both endothelium scenarios. So, a uniform growth will give
a straight line at 1 and any deviation from ratio ¼ 1 will suggest
more or less growth at either end. In comparison with the histological data, the assumption of random EC regrowth shows
close qualitative resemblance with the animal data and the
growth along the stented length in that setting tends to
remain moderately flat. The ratio plots of EC growth from
both sides initially follow the in vivo data and random EC
growth scenario trends near the reference point, but then it
starts to deviate marginally (figure 6).

4. Discussion
In this study, histological (in vivo) neointimal growth patterns
along the axial direction of the stent are compared with the
computational simulations (in silico) to identify candidate
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0.015
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0
(c)
neointimal coverage (%)

Figure 4. Computational results showing qualitative morphological differences in neointimal growth between the two re-endothelialization
scenarios: (a) random seeding of ECs and (b) inward EC growth from both
sides. The six grey squares in each figure represent stent struts deployed
in the vessel. The tissue composed of white SMC cells underneath the
struts shows the original vessel after stent deployment. However, dark
grey SMCs represent the neointima in both scenarios.
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Figure 5. Area of the stent, lumen and neointima along the length of the
stented region computed in silico. (a) Random seeding of ECs and (b) ECs regrowth from both sides inwards. (c) Percentage of neointimal growth based
on the stent area after deployment for both re-endothelialization scenarios.
Grey solid line shows the scenario of random EC seeding, whereas black solid
line represents neointimal growth based on EC growth from both sides.
mechanisms for endothelial repair. Comparison of both
in vivo and in silico results suggests that endothelial cell regeneration in coronary arteries after endovascular treatment is
likely to be the outcome of EC growth from random EC seeding
and/or patches of endothelium rather than cell growth and
migration from either end of the stented region. Our comparison results (figure 6) strongly suggest that the neointimal ratio
from the animal data does not support the hypothesis of the
inward endothelium regrowth that results in reasonably
higher centre-to-side ratios and dictates a higher neointima in
the middle of the stented vessel. For ratio calculations, different
reference points (ratio from centre to sides, or from sides to
centre, etc.) can be used but the overall conclusion, showing
a disagreement of the EC from both side scenario with the
random EC and in vivo data, remains true.
It is also worthwhile to mention that some of the in vivo
responses in figure 3a do not follow a straightline trend and,
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Figure 6. Comparison of the ratio trends between the animal data and two endothelium re-growth modelling scenarios based on the percentage of neointima
inside the vessel. (a) Ratio from proximal to the centre and (b) ratio from distal to the centre. Black dotted line represents the in vivo data, solid grey line represents
in silico random EC scenario and black solid line represents in silico EC from both sides scenario. All the data are presented as mean + s.d. Black asterisk represents a
statistical significant difference ( p , 0.05) in the ratio calculations between the in vivo and the in silico EC from both sides scenario, whereas grey asterisk shows
the data point which is significantly different ( p , 0.05) between the in vivo and random EC scenario.

so linear regression may not be appropriate for all plots. The
averaged value of the slope among all the arteries data was
0.035 + 0.004 (neointimal area per normalized length). The
averaged result from figure 3a is also shown in figure 3b
where a slightly higher amount of neointimal growth on the
distal side can be seen in comparison with the proximal side.
Owing to the size of deviation in the averaged neointimal
response, it is rather difficult to interpret the result though
the overall growth response seems to stay fairly flat along the
stent (figure 3b).
The literature specifically focusing on the endothelial
growth process after vascular injury is rather sparse. To the
best of our knowledge, there has been only one in vivo
study undertaken by Itoh et al. [11] in the pial arteries
of mice to specifically investigate the re-endothelialization
process. In that study, a region of the endothelium was
damaged via the photochemical reaction of rose Bengal to
green laser light. Tie2-green fluorescent protein was used as
a marker to identify live ECs. It was observed that the endothelium recovery process had already started within the first
24 h following endothelial injury and regeneration of the
endothelium was observed from both edges ( proximal and
distal) of the denuded artery. Moreover, faster endothelial
growth was observed from the proximal edge in comparison
with the distal end, and the meeting point of endothelial
layers from both sides was always distal to the centre of the
injury, suggesting the differences in the re-endothelialization
rate. The difference in the growth rate was due to flow direction where ECs were observed more elongated towards the
flow direction and migrated and proliferated faster. Any apparent involvement of foreign progenitor cells in the EC repair
process was not found, however, this could be related to the
experimental set-up that was used in the study. Additionally,
it is also worthwhile to mention that though the findings of
Itoh et al. [11] are essential to understand the endothelium
regrowth process, their model and set-up is not clinically relevant to the vascular stent-induced injury models and results
may not be extrapolated directly to the coronary stenting experiments. Hence, we aimed to perform similar experiments in the
porcine coronary-stented arteries in order to evaluate the endothelium regrowth process after the trauma induced by the
balloon angioplasty and stent deployment.

We have used the findings of Itoh et al. [11] to describe
one possible re-endothelialization scenario, assuming that ECs
become functional in a similar fashion as they re-generate to
form a lining on the vessel wall. Our modelling approach predicts
that, under this scenario, neointimal growth in such an artery will
result in a greater stenosis at the location where these edges meet
each other. If both the findings shown by Itoh et al. [11] and the
interactions between ECs, flow and SMCs assumed in the
model are representative of in vivo conditions, then the histological data shown in figures 2, 3 and 6 are expected to show a peak in
the growth process either at the centre of the stented vessel (based
on our computational model assumption of identical growth
rates at both proximal and distal sides) or somewhere distal to
the centre (based on the observation of Itoh et al. [11]). However,
the histological data do not seem to support the notion of EC
inward growth alone as suggested by Itoh et al. [11]. The in vivo
data presented here show stronger support for the scenario
where endothelial regeneration occurs inside the stented
region. In the biological experiments reported here, endothelial
regeneration may include the involvement of both methods of
EC regeneration (EC growth from both sides and from random
patches/progenitors) acting together, as a result further controlled biological experiments are required to confirm the detail
of this process.
Participation of EPCs towards endothelium regrowth is still
an open question. Several studies have reported that endothelial
regeneration is not mediated by the homing and differentiation
of EPCs into mature ECs [9,11,32–34], however, they may facilitate the migration, elongation and proliferation of the resident
ECs [11]. But, as we have shown, taking these observations
into account and considering only that endothelium grows
from both sides of the injury, we end up in a peak scenario
that does not coincide with the neointimal growth patterns
observed in the histology. According to Harnek et al., a little
endothelium in the denuded artery may survive the trauma
caused by the balloon assisted stent deployment, so these
patches may also contribute towards re-endothelialization.
The in vivo study done by Itoh et al. [11] does not include the
presence of healthy patches, instead, they induce a complete
endothelial injury in the selected area of the vessel and the
same approximation was taken in our computational model
and this may explain the difference in results.
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5. Conclusion
Using a computational model of ISR and comparing with
in vivo histology, we conclude that, within the context of the
assumptions involved in the modelling process, endothelial
growth from regions of the vessel proximal and distal to the
stent is not sufficient to explain the morphology observed
from histology. The results suggest that random EC seeding
and/or patches of endothelium that survive balloon expansion
and stent deployment play a role in endothelial recovery.
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Another important observation from the evaluation of the
histological neointimal growth reveals that a slightly higher
growth was observed on the distal end when compared with
the proximal side. This has been shown by linear regression
analysis and a positive slope was observed in all the cases
except one that showed a slightly negative slope. Although,
a mismatch in stent–vessel size at the distal end resulting in
deeper injury may account for exaggerated neointimal proliferation, it may also be due to the effect of the direction of flow on
the endothelium regrowth process that mediates a faster
growth from the proximal side of the injury and may also
involve the flow direction-dependent growth from the leftover
healthy patches. ECs directional migration and faster growth in
the direction of flow have already been observed in several
studies where EC become more elongated and proliferated
faster in the flow direction; however, these studies do not
focus on the neointimal growth [11,35,36].
Another obvious difference between the in vivo (figure 3)
and the in silico (figure 5c) results is the variation in the
magnitude of neointimal areas. The neointimal areas from
the in vivo samples are in the range 20 –80%, whereas those
found in silico are roughly in the 30–50% range. In our
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(i) in the in vivo case, a stent is deployed into the artery and,
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struts from the same stent impose different injury levels on
the vascular wall. The neointimal thickness data shown in
our previous paper [18] were obtained by analysing the
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in silico model used in this study, we deployed struts at
the same level into the tissue causing a similar injury over
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(strut thickness, stent length, the orientation of the struts and
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Our in silico model assumes static flow with Re ¼ 120,
which is the measured value at peak systole in pig coronary
arteries [37]. Therefore, we do not capture the influence of
the oscillatory shear index (OSI). It is known that high OSI
results in disorganized endothelial morphologies [38] and
sites of high OSI correlate with predominant sites of atherosclerosis. Note, however, that in our model the main concern
is the repair of the endothelium and subsequent regulation of
the SMCs via NO production, and for that process a high
WSS value seems to be a main factor, and we believe that
our static flow assumption does allow us to capture the main
dynamics of the endothelial repair. However, we are currently
setting up future in silico experiments to investigate the influence of real systolic flow conditions on the dynamics of ISR.
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