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ABSTRACT

Computational models are increasingly used to study cardiovascular disease. However, models of coro-
nary vessel remodelling usually make some strong assumptions about the effects of a local narrowing
on the flow through the narrowed vessel. Here, we test the effects of local flow dynamics on the predic-
tions of an in-stent restenosis (ISR) model. A previously developed 2D model of ISR is coupled to a 1D
model of coronary blood flow. Then, two different assumptions are tested. The first assumption is that
the vasculature is always able to adapt, and the volumetric flow rate through the narrowed vessel is kept
constant. The second, alternative, assumption is that the vasculature does not adapt at all, and the ratio of
the pressure drop to the flow rate (hydrodynamic resistance) stays the same throughout the whole pro-
cess for all vessels unaffected by the stenosis, and aortic or venous blood pressure does not change either.
Then, the dynamics are compared for different locations in coronary tree for two different reendotheliza-
tion scenarios. The assumptions of constant volumetric flow rate (absolute vascular adaptation) versus
constant aortic pressure drop and no adaptation do not significantly affect the growth dynamics for most
locations in the coronary tree, and the differences can only be observed at the locations where a strong
alternative flow pathway is present. On the other hand, the difference between locations is significant,
which is consistent with small vessel size being a risk factor for restenosis. These results suggest that
the assumption of a constant flow is a good approximation for ISR models dealing with the typical pro-
gression of ISR in the most often stented locations such as the proximal parts of left anterior descending
(LAD) and left circumflex (LCX) arteries.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

WSS is determined by the local flow pattern, which depends on
the flow dynamics in the whole coronary arterial tree in addition to

Coronary artery diseases are a major cause of mortality (Global
Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by
Region, 2000-2016, 2018). Coronary artery narrowing causes ische-
mia, and makes patients prone to myocardial infarction in case of
an acute artery blockage. Artery narrowing is often corrected by
performing a percutaneous balloon angioplasty and placing a stent
in the affected artery to keep it open. However, in some cases the
artery re-narrows due to excessive proliferation of smooth muscle
cells (SMCs) in the vessel wall (Jukema et al., 2012b, 2012a). This
proliferation depends on multiple factors, such as presence of
intact endothelium in the vessel, extent of arterial injury and also
wall shear stress (WSS) inside the artery (Igbal et al., 2013b).
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the local vessel geometry (Morlacchi et al., 2011). Coronary vessels
adapt to local narrowing and increased hydrodynamic resistance
by dilation of the small resistance vessels and by vascular remod-
elling (van de Vosse and Stergiopulos, 2011). These mechanisms
can reduce the overall resistance of the arterial pathway and
increase the flow to prevent ischemia, but they have their limits
and fail for large increases in resistance (Tuttle et al., 2001).

Models of coronary vessel remodelling, and of restenosis in par-
ticular, usually assume one of two extreme cases. The first case is
that the vasculature is always able to adapt, and the volumetric
flow rate in the narrowed vessel is always kept constant. Physio-
logically, the assumption of a constant volumetric flow rate means
that the perfusion in the tissue downstream of the stenosis is kept
at a normal level.

The second extreme is that the vasculature does not adapt at all,
and the ratio of the pressure drop to the flow rate (hydrodynamic
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resistance) of all vessels unaffected by the stenosis, as well as aor-
tic and venous blood pressure, stay the same throughout the whole
process.

In particular, (Caiazzo et al., 2011; Tahir et al.,, 2013, 2011;
Zahedmanesh et al., 2014; Zun et al., 2019, 2017) assume the flow
rate is constant in the stented vessel. (Boyle et al., 2013) do not
explicitly model the blood flow, but they assume the flow environ-
ment to be constant, or that the changes do not affect the neoin-
tima formation. (Nolan and Lally, 2018) also do not model the
flow, and assume that the local WSS is always high enough to inhi-
bit the growth if intact endothelial cells (ECs) are present. (Escuer
et al.,, 2019) assume a constant pressure inside the stented vessel,
while (Keshavarzian et al., 2017) study the homeostasis in the arte-
rial wall under transient increases in blood pressure. An assump-
tion of a constant pressure drop in the stented vessel can be
interpreted as a lack of adaptation, where the flow rate through
the stenosis drops as its resistance increases.

Both approaches are simplifications of the real process. As the
narrowing progresses, the compensatory mechanisms gradually
go from alleviating it entirely to becoming more and more ineffi-
cient (Werner et al., 2006).

The relation between the stenosis resistance and flow is impor-
tant because it determines the presence of ischemia in the tissue
supported by the affected artery (Taylor et al., 2013). The flow also
influences the narrowing dynamics, particularly in case of resteno-
sis. Regions of low WSS, and low flux, are more prone to restenosis,
which can result in even higher resistance, lower flux, and lower
WSS (Caputo et al., 2013). Low WSS contributes to the develop-
ment of the initial atherosclerotic lesions as well, by promoting
inflammation and leading to a similar feedback loop of outward
remodelling, transforming smaller fibroatheromas to high-risk pla-
ques (Chatzizisis et al., 2007; Corti et al., 2020).

Different assumptions about the flow boundary conditions
(BCs) lead to potentially different restenosis dynamics. Here we
couple our previously developed multiscale agent-based model of
in-stent restenosis (ISR) (Tahir et al., 2014) to a 1D model of coro-
nary tree, and test the growth in the resulting model for different
BCs.

The authors are not aware of any previous studies coupling a 1D
coronary tree model to a model of restenosis progression. Such
coupling can result in a reduction of the volumetric flow rate on
the stenosis to an even larger extent than simply assigning a con-
stant pressure drop. The reason for this is that if we consider the
entire coronary tree, it provides competing flow pathways for
blood: parallel vessels with a lower resistance than the stenosed
one, which the blood can take to get to the venous system.

We consider two extreme cases described above (absolute vas-
cular adaptation or no vascular adaptation) to determine the
extent to which selecting one or the other approximation will
affect the progression of restenosis in our model.

The relation between resistance and flux is also affected by the
location of a stenosis in the coronary tree and by the individual fea-
tures of the particular system of coronary arteries. Because of this,
here we perform a comparison for stenoses located in different
parts of the tree, in both large and small arteries.

2. Materials and methods

We use a fully coupled multiscale two-dimensional model of in-
stent restenosis (ISR2D), based on our earlier model, reported in
(Tahir et al., 2014) and (Nikishova et al., 2018). It consists of two
submodels: an agent-based model of vessel walls, and a lattice
Boltzmann model of 2D blood flow. We extend it with a 1D model
of a full coronary tree, which is coupled to the 2D model of flow in
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the stented segment. The values of flow rate from 1D model are
passed to the 2D model as inlet flow.

In the 2D model the detailed flow and the total pressure drop in
the stented segment are calculated. From this pressure, the hydro-
dynamic resistance of the 2D segment is calculated as and passed
back to the 1D model, which uses it to update the inlet flow. The
2D flow model also calculates WSS and passes it to the agent-
based vessel wall model.

The stochasticity in the model comes from the non-
deterministic SMC proliferation rule. The length of each individual
cell’s cycle is set according to a normal distribution (=32 h, ¢ =
2 h). The relative orientation of the daughter cells is chosen ran-
domly during mitosis, and the pattern of reendothelization is ran-
dom as well.

This model with variable flow through the stenosis is contrasted
against a constant flow modification, where the volumetric flow
rate in the stented segment of the 1D tree is calculated once at
the start of the simulation with an assumption of zero additional
resistance in the stented region. In the constant flow scenario, this
initial flux value is used throughout the simulation, while for vari-
able flow the flux is recalculated after every iteration of the cell
growth model, taking into account the current hydrodynamic
resistance of the stented segment.

The stented vessel wall is represented by an agent-based sub-
model, which is described in detail in (Tahir et al., 2014). Briefly,
this model represents each SMC in the wall as an off-lattice agent.
The circle-shaped agents interact with each other through a poten-
tial force consisting of elastic repulsion for overlapping agents and
linear attraction for non-overlapping neighbouring agents. This
model also includes smaller agents on the inner surface of the ves-
sel, which make up the internal elastic lamina (IEL). The endothe-
lium is modelled implicitly, as a probabilistic function of local
endothelium function recovery at each time point, assigned to each
SMC agent. After stent deployment, the SMCs in the areas wounded
by the stent start proliferating, and later stop if any of the following
two conditions are fulfilled. One: the local endothelium has recov-
ered, and the local WSS is high enough for the ECs to produce
enough nitric oxide (NO) to suppress SMC growth. Two: the SMC
in question is deep in the vessel wall, has no space to grow, and
is contact inhibited (in the model it translates to a high number
of neighbouring cells).

Uninhibited SMCs perform a cell growth cycle, during which
they grow to twice their initial size, and then undergo mitosis
and split into two daughter cells.

These agents make up a longitudinal section of an artery, com-
posed of two arterial walls (Fig. 1). The stent is represented as
square struts which are pressed into the vessel wall, deforming
and damaging it, rupturing the IEL and destroying SMCs. In addi-
tion to the damage caused by the struts, the endothelium at the
site of stenting is assumed to be completely denuded by the bal-
loon inflation during angioplasty. After deployment, proliferation
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Fig. 1. Example computational domain used in one of the simulations reported in
this paper (location #1), 300 h after stenting. This geometry includes an inlet region
(flow from left to right) and five pairs of struts. Orange circles are individual SMCs,
red circles are IEL agents, and grey circles make up the stent struts. Green cells are
synthetic and proliferating, blue are nitric oxide (NO) inhibited. Proliferating SMCs
can be seen in the lumen. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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starts from the damaged locations (Fig. 1). For the simulations car-
ried out in this paper, a region with several stent struts was consid-
ered, and an unstented inlet segment was added to the region to
allow the flow to develop. Two different scenarios for reendothe-
lization were considered, similar to those used in our previous
publications (Nikishova et al., 2018; Tahir et al., 2014): one where
59% of endothelium recovers during the first three days, and the
rest recovers fully after 23 days (normal reendothelization scenar-
io), and a second where the initial fast recovery is absent, and the
endothelium recovers linearly over 23 days (slow reendotheliza-
tion scenario). We include both of these scenarios because the
model is sensitive to the reendothelization speed (slower recovery
means larger growth) (Nikishova et al., 2018), and may interact
with the flow differently if there is already a significant restenosis
by the time the endothelium recovers.

The 1D model of coronary blood flow represents the flow in
large coronary vessels. It is similar to the model described in
(Alastruey et al., 2011), and is based on the implementation by
(Svitenkov et al., 2018). However, in (Svitenkov et al., 2018) the
model is extended with propagation of contrast agent through
arteries, while here only the flow of blood is considered. Briefly,
the 1D model describes a pulsatile blood flow through elastic cylin-
drical vessels, with special conditions for bifurcations, and the
stenosis is modelled as a hydrodynamic resistance element. Smal-
ler vessels are abstracted as Windkessel BCs. By adjusting BCs, the
model is calibrated to provide a flux similar to the normal resting
flux in humans. The model is applied to the human left coronary
tree geometry (Fig. 2).

The coupling between the agent-based model and the 2D flow
model has been described in detail in (Nikishova et al., 2018).
The mapping of WSS for each cell is done by looping over all lattice
nodes in the vicinity. If the cell overlaps with a circle circumscribed
around the (square) lattice node, the node is counted towards the
average WSS. The lattice nodes in the solid wall, which have zero
shear stress, are ignored in this procedure, and WSS values only
come from liquid nodes. The average is calculated as an arithmetic
mean of the non-zero shear stress values. Mesh generation for the
2D flow solver from cell positions is done similarly: if a node inter-
sects with a cell, it is marked as a part of the solid wall, and if there
are no intersections, liquid can flow through it.

The coupling between the 1D and 2D flow models is done by
passing the inlet flow rate from 1D to 2D on every iteration of
the agent-based model, and by passing the hydrodynamic resis-
tance back from 2D to 1D. For each resistance value, the 1D model
is executed for several heart cycles to let the flow stabilize. Our

Fig. 2. 3D model of the geometry used in the 1D flow model, two projections.
Highlighted arteries, left: LAD and its branches; right: LCX and its branches. The
locations of stents considered in this paper are marked by numbers.
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assumption is that NO production by the endothelium is governed
by the time-averaged WSS (TAWSS), so the 2D flow model operates
under an assumption of a steady flow. To make a steady flow pro-
file, the flow rate calculated by the 1D model is averaged over the
cardiac cycle, and the result is passed to the 2D model.

The flux from 1D model assumes cylindrical vessels, while the
agent-based wall model simulates the proliferation on two oppo-
site parallel walls, which does not directly transform into growth
in a cylindrical vessel (Zun et al., 2017). Because of this, some
transformations are required to convert the data from the 1D
model to a 2D parallel plate flow. Based on the flux of a 3D Poi-
seuille flow (Sutera and Skalak, 1993), a 2D flow with the same
maximum velocity is generated:

nr4(p1 — pZ) _ TCTZ Umax

Qcyl = 81’[L 2 (1)
_2Qy _ (P4 —p)r?
Umax =72 = 4L )

where Q, is the flow for a cylindrical vessel of radius r, p; and p,
are the inlet and outlet pressures, 7 is the viscosity, L is the length
of the vessel, and ;4 the maximum velocity of the liquid. The two-
plate flow is then prescribed as parabolic, with zero velocity at the
wall-lumen border and »,,4c at the lumen centre.

Hydrodynamic resistance R is defined as the ratio of the pres-
sure drop to the flow rate. To calculate the expected pressure drop
for a 3D segment, we use Q,, and the inlet and outlet pressures p;,
and p,,, from the 2D simulation:

Qcyl

This resistance is then passed back to the 1D model. Since in our
2D model we do not consider the entire stent, but only a few of its
struts (specifically, five struts evenly spaced over a 3 mm long ves-
sel segment), the resistance, which is linearly proportionate to the
vessel length for cylindrical vessels, is then scaled 10 x to calculate
the resistance of a full-size stent (Igbal et al., 2013a).

To assess the vessel patency, relative lumen loss was calculated
for the stented regions for every time step of the agent-based
model. To do that, vessel radius was measured for all points
between the 1st and the last stent struts, then lumen area was cal-
culated for these points assuming a circular lumen, and the result-
ing areas were averaged over the stented segment.

Since the vessel’s size and its environment are likely to affect
the dynamics of blood flow and restenosis, multiple locations in
both LAD (locations #5, #7), LCX (#2), and their branches (#1,
#3, #4, #6, #8) were used to test our hypothesis (see Fig. 2). For
each of the locations, constant and variable flow conditions were
considered, as described above. In each of the considered scenarios,
for each of these cases, the model was executed ten times to
account for the stochasticity, and to obtain the average growth
and the standard deviations. The number of simulations was cho-
sen based on the uncertainty quantification performed in
(Nikishova et al., 2018).

R:pin — Dout (3)

3. Results
3.1. Static and dynamic flow approximation for 1D model

For this series of simulations, the reendothelization scenario
with fast recovery before the 3rd day was used, as described above.
For these cases, the resistance value for each time step was
calculated according to formula (3). By comparing the resistance
differences, we see that for most of the considered locations the
resistance values are extremely close for the two flow assumptions
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Fig. 3. Relative lumen area loss dynamics for assumptions of constant and variable flow for different locations in the coronary tree; (a) general plot for constant flow, (b)
general plot for variable flow, (c) and (d) detailed plots for the two locations (#4 and #6 respectively) where there are noticeable differences in the endpoint lumen area
between the two assumptions. Horizontal lines denote 50% area and 50% diameter occlusion. Shaded regions show the standard error for each location.

considered. Fig. 3 (a) and (b) show the lumen area loss inside the
stent for assumption of constant (a) and variable (b) flux in the
stented vessel. For all locations except #4 and #6 these resistance
values are within one standard deviation from each other for the
endpoint, and for #4 and #6 they are within three standard devia-
tions of each other. The latter two locations are in side branches
with a strong competing flow pathway (see Fig. 2). Fig. 3 (c), (d)
show the lumen loss dynamics in these locations in more detail.

Table 1
Final average SMC counts in the normal reendothelization scenario, for the constant
and variable flow cases.

Site # Final SMC count, Final SMC count,
constant flow case variable flow case
1 4278 4273
2 4476 4276
3 5470 5626
4 8156 8545
5 4238 4257
6 4437 4433
7 4152 4253
8 4715 4880

The quantity of tissue being made is different for different ves-
sels; e.g. at sites #2 and #4 the proliferation goes on for a long
time, while at sites #1, #3, and #8 it stops early, which can be seen
in the plot. Starting from the initial 2000 SMCs, most locations pro-
liferate to between 3506 and 6103 cells (averages for each location
presented in Table 1), with the exception of location #4, which at
the endpoint has 8156 cells on average for the constant flow sce-
nario, and 8545 cells on average for the variable flow scenario.

3.2. Location in the coronary tree

Fig. 3 also shows that while for most locations the assumption
of constant versus variable flow does not have much of an effect,
the location in the coronary tree matters a lot for the progression
of restenosis.

The area loss varies from 18% to 80%, and the corresponding flux
reduction for variable flow scenario at simulation endpoint varies
from 2% (location #2, proximal third of LCX) to 40% (location #1,
small side branch originating from LAD).

This is consistent with the fact that small vessel size (less than
3.0 mm diameter) is considered an independent risk factor for the
occurrence of ISR (Briguori et al., 2002).
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3.3. Slow endothelial recovery

For the series of simulations described below, slow reendothe-
lization scenario was used in order to exaggerate the restenosis
and its effects on impeding the flow through the stented arteries.
This slow reendothelization scenario represents the case when
the endothelial recovery is disrupted in the patient for some rea-
son. We do not investigate specific reasons for this, and instead
use this case to see if this delayed reendothelization would amplify
the feedback loop between the flow reduction and the growth.

For site #1, all simulations predicted lumen width less than
0.015 mm (lattice size of the flow solver) at some point between
three and four weeks after stenting, essentially leading to a total
coronary occlusion. Because of this, the simulations could not pro-
ceed to the 60 days endpoint, and site #1 was excluded from
analysis.

In other locations, also more growth was seen than in the pre-
vious scenario (Fig. 4 (a), (b)). However, similarly to the previous
scenario, only locations #4 and #6 show differences above one
standard deviation in the end lumen area (Fig. 4 (c), (d)).
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4. Discussion

The main finding of this study is that the two assumptions, for
the specific scenario of restenosis modelling, have little impact on
the predicted growth. There is not much impact on the growth pre-
diction if we choose to fully couple the 1D model of the coronary
tree to the growth model, as opposed to using the initial flow rate
measurement to set the boundary conditions. There are however
exceptions to this, highlighted in the panels (c¢) and (d) in Figs. 3
and 4, which have to be taken into the account for those or similar
locations. Especially the location #6 in the proximal part of the left
marginal artery may be of interest for clinicians, since in some
patients this artery is a major supplier of blood for the left
ventricle.

For the field of restenosis modelling this means that for most
cases it is sufficient to use the constant flow assumption, which
is easier to realise, since it does not require the knowledge of the
whole coronary tree and is also computationally cheaper. This is
also very relevant for any potential personalized applications of
restenosis models, since our findings show it is sufficient to know
the local flow properties to sufficiently inform the flow model.
These local properties may be, for example, an optical coherence

(b) Relative lumen loss, variable flow
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Fig. 4. Relative lumen area loss dynamics for assumptions of constant and variable flow for different locations in the coronary tree, slow initial endothelium recovery; (a)
general plot for constant flow, (b) general plot for variable flow, (c) and (d) detailed plots for the two locations (#4 and #6 respectively) where there are noticeable differences
in the endpoint lumen area between the two assumptions. Horizontal lines denote 50% area and 50% diameter occlusion. Shaded regions show the standard error for each

location.
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tomography (OCT) scan of the affected vessel segment together
with a Doppler measurement of the local blood velocity. These
measurements could be obtained during the coronary intervention.
Reconstructing the entire coronary tree, even as a 1D network,
would add a significant challenge. Reconstruction from multiple
angiography images would also introduce large uncertainties,
since the blood vessel borders are diffuse in the images, meaning
we cannot know their radius exactly, and smaller vessels, which
contribute much in terms of hydraulic resistance, are not visible
at all.

However, this is only true when we only consider the extent of
growth, and not the impact on the flow. For estimation of (virtual)
fractional flow reserve (FFR) (Carson et al., 2019) it may be neces-
sary to consider more detailed boundary conditions.

The total flow can be greatly reduced, which together with the
differences in pressure drop can lead to significant variations in
VvFFR. The importance of boundary conditions for vFFR estimation
has been demonstrated earlier, e.g. in (Boileau and Nithiarasu,
2015) and in (Gamilov et al., 2015).

The model of ISR considered in this publication is a very simple
one. More detailed and advanced models exist (Zun et al., 2019),
however they are much more computationally expensive due to
modelling a larger 3D domain. They give better predictions of ISR
progression, however ultimately the qualitative relation between
the WSS and the growth is similar. Because of this, we can assume
that the conclusions about the effects of flow BCs drawn from this
simple 2D model will also hold for more advanced models.

In addition to being 2D, the model of ISR considered in this
paper also makes several important assumptions that affect the
final resistance of the vessel. First of all, the vessel is assumed to
be straight, while coronary vessels in vivo have a significant curva-
ture, which increases the resistance. Second, the model ignores a
lot of the finer details of neointimal formation. One big omission
is the extracellular matrix (ECM) formation. The studies find that
more than 50% of the neointimal volume is made up of ECM, while
the model assumes that the neointima consists purely of SMCs. The
lack of ECM causes the neointimal volume, and the resulting resis-
tance, to be underestimated.

In addition, the model ignores the early processes happening
after stenting, such as inflammation and thrombus formation.
Instead, the model assumes that neointima formation by SMC pro-
liferation starts immediately after stenting and that SMC prolifera-
tion dominates the process. However, there is evidence that there
is little SMC proliferation early on, and the vessel is covered in a
thin thrombus (Grewe et al., 2000; Malik et al., 1998). These pro-
cesses might delay the neointima formation, resulting in a smaller
overall growth.

Another issue is that, while most of the model parameters in the
considered scenarios are based on human data, the endothelium
regeneration time is based on porcine results used in a previous
publication (Tahir et al., 2014), since the endothelium regeneration
data for humans is not readily available. The porcine data was pro-
duced by euthanising the animals and performing tissue histome-
try (Van Beusekom et al., 2012), and the related human data is
scarce, based on autopsy reports (Grewe et al., 2000), and further
confounded by the fact that the considered vessels are diseased
and in some cases stent failure is the very reason of death. How-
ever, similarly to the difference between the 2D model used here
and the more complicated 3D models, this discrepancy should
not affect the main conclusions of this paper, since the overall
mechanisms involved in the porcine and in the human restenosis
are similar, and the main difference lies in the time course of this
process (Igbal et al., 2016): in porcine arteries the process takes
about four weeks, and in human arteries remodelling can take up
to six months (Schwartz et al., 1996).
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5. Conclusions

In this paper a study of the effects of flow boundary conditions
and the location in coronary tree on a previously developed two-
dimensional model of ISR (Tahir et al., 2014) are presented. This
model has been coupled to a one-dimensional model of pulsatile
coronary blood flow, also previously developed, which is used to
provide time-averaged flux to the neointimal growth model.

The simulation results suggest that the assumptions of constant
flow (absolute vascular adaptation) versus constant aortic pressure
drop and no adaptation do not significantly affect the growth
dynamics for most locations in the coronary tree, and the differ-
ences can only be observed at the locations where a strong alterna-
tive flow pathway is present.

On the other hand, the difference between locations is signifi-
cant, which is consistent with small vessel size being a risk factor
for restenosis. These results also suggest that assumption of con-
stant flow is a good approximation for ISR models dealing with
the typical progression of ISR in the most often stented locations
such as the proximal parts of LAD and LCX.
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