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In-stent restenosis represents a major cause of failure of percutaneous coronary intervention with drug-eluting
stent implantation. Computational multiscale models have recently emerged as powerful tools for investi-
gating the mechanobiological mechanisms underlying vascular adaptation processes during in-stent restenosis.
However, to date, the interplay between intervention-induced inflammation, drug delivery and drug retention
has been under-investigated.

Here, an original patient-specific multiscale agent-based modelling framework was developed to investigate
the interplay between drug release, plaque composition and intervention-induced inflammation on in-stent
restenosis following drug-eluting stent implantation. The framework integrated a finite element simulation of
stent expansion, with a drug transport simulation and an agent-based model of cellular dynamics. A patient-
specific coronary cross-section with heterogeneous diseased tissue was considered and rigorously analyzed
through a variety of scenarios, including different plaque compositions and different inflammatory responses.

The analysis revealed three significant findings: (i) calcifications substantially impeded drug transport,
resulting in drug-depleted regions and reduced stent efficacy; (ii) by impacting drug transport, variations in
plaque composition influenced arterial wall response, with the fully-calcific scenario showing the greatest lumen
area reduction; (iii) the impact of different drug receptor saturation conditions (obtained with different plaque
compositions) was particularly evident under conditions of persistent inflammatory state.

This study represents a significant advancement in multiscale modelling of in-stent restenosis following drug-
eluting stent implantation. The results obtained provided deeper insights into the complex interactions among
patient-specific plaque composition, inflammation and drug retention, suggesting a patient-specific management
of the intervention, particularly in cases of complex disease.

1. Introduction failure, with rates up to 10 % (Alfonso et al., 2022; Shlofmitz et al.,

2019). In-stent restenosis is the result of the inflammatory-driven mal-

With about 8.9 million annual deaths worldwide, coronary artery
disease represents the leading cause of vascular morbidity and mortality
(GBD 2017 Causes of Death Collaborators, 2018). Nowadays, percuta-
neous coronary intervention with drug-eluting stent implantation is the
preferred endovascular treatment. However, the procedure still suffers
from in-stent restenosis, which represents a major cause of intervention

adaptive response to the vascular injury and manifests as exacerbated
synthetic smooth muscle cell (SMC) proliferation and extracellular ma-
trix (ECM) deposition, leading to lumen re-narrowing after stent im-
plantation (Aoki and Tanabe, 2021). Despite the ubiquitous use of drug-
eluting stent, which have substantially reduced neointima hyperplasia
and in-stent restenosis, optimal drug delivery strategies that prevent in-
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stent restenosis remain elusive (McQueen et al., 2021). For this purpose,
a deep understanding of the complex interplay between biological,
mechanical, hemodynamic, drug release and procedural factors driving
the arterial response to the intervention, and consequently potential in-
stent restenosis, is essential (Aoki and Tanabe, 2021).

Recently, computational multiscale agent-based modeling frame-
works that integrate continuous- and agent-based approaches have
shown promise in describing the multiscale mechanobiological interplay
of events underlying vascular adaptation processes such as in-stent
restenosis (Corti et al.,, 2021; Nolan and Lally, 2018; Zahedmanesh
et al., 2014; Zun et al.,, 2019, 2017). Generally, these frameworks
combine a continuum-based description of the structural mechanics,
hemodynamics, and/or transport mechanisms at the tissue level through
numerical methods solving partial differential equations, with a
discrete-based description of cellular behavior, cell-cell and cell-
environment interactions at the cellular scale through an agent-based
model (ABM). Although, several multiscale agent-based modeling
frameworks have been proposed for studying in-stent restenosis (Corti
et al., 2021), the interplay between drug kinetics and cellular dynamics
has been under-investigated, with only a few studies implementing drug
delivery through a simple diffusion-based model (Caiazzo et al., 2011;
Tahir et al., 2013). Recently, Corti et al. (2023a) developed a multiscale
agent-based modeling framework of in-stent restenosis following drug-
eluting stent implantation, integrating a sophisticated drug model
with binding kinetics at the continuum level and an ABM of cellular
dynamics. As proof-of-concept study, different scenarios of drug mass,
drug release profiles, coupling schemes (between the drug module and
the ABM) and vessel cross-sectional geometries were explored, high-
lighting potential for optimizing drug-eluting stent design. However, the
model output showed only a partial sensitivity to different scenarios,
which was attributed to the under-investigated role of the inflammatory
response and the neglect of arterial tissue heterogeneity. Indeed, only
one abrupt and sharp inflammatory curve (which damped the effect of
late drug release) was considered, although persistent and high levels of
vascular inflammation were found to be associated with worse clinical
outcomes (Kalkman et al., 2018). Moreover, uniform tissue layer prop-
erties were assumed, neglecting the impact of plaque composition on
drug release, retention in tissue and, consequently, in-stent restenosis.
The present study builds upon the previous one (Corti et al., 2023a) and
aims to enhance understanding of the impact of drug release on in-stent
restenosis by improving the multiscale agent-based modeling frame-
work and proposing a novel investigation, through (i) the application of
the framework to a patient-specific diseased coronary artery cross-
section with heterogenous composition and different plaque materials,
(ii) the inclusion of a stent implantation module, simulated through the
finite element (FE) method, and (iii) the exploration of the effects of
different plaque materials as well as different inflammatory responses on
in-stent restenosis.

2. Methods
2.1. Multiscale framework

The multiscale in-stent restenosis framework takes a 2D diseased
coronary artery cross-section and a post-intervention inflammatory
curve as input, and generates the artery cross-section configuration at 1-
month follow-up as output (Fig. 1). The framework consists of three
modules: (i) the stent implantation module, (ii) the drug transport
module and (iii) the tissue remodelling module. The stent implantation
module receives the diseased coronary artery, performs a FE simulation
of the Xience Prime drug-eluting stent (Abbott Laboratories, Abbott
Park, IL, USA) expansion, and generates the deformed, stented artery
geometry. The drug transport module simulates drug release and tissue
retention along 1 month (McQueen et al., 2022), computing the receptor
saturation, namely the local fraction of saturated target receptors over
time. Finally, the tissue remodelling module simulates the 1-month post-
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Fig. 1. Multiscale computational framework. Starting from the diseased coro-
nary artery cross-section, the framework (dashed red box) simulates arterial
wall remodelling and in-stent restenosis over 1-month of follow-up, generating
as output the remodelled arterial geometry. The framework consists of three
modules, namely (i) the stent implantation module at the tissue-second scale, in
which the artery cross-section is meshed and the finite element (FE) simulation
of stent expansion is performed to generate the stented configuration, (ii) the
drug transport module at the tissue-seconds scale, in which the artery model is
meshed and the drug transport simulation is performed to compute the receptor
saturation (RS), and (iii) the tissue remodelling module at the cell-days scale, in
which an agent-based model (ABM) simulates cellular activities and arterial
wall remodelling in response to the intervention-induced inflammation and the
RS, and generates the remodelled arterial configuration. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

intervention arterial wall remodelling due to the intervention-induced
inflammation and the receptor saturation (passed from the drug trans-
port module) through an ABM (Corti et al., 2023b, 2022b, 2022a). The
spatial contour of receptor saturation is computed every 6 hours over 1
month and updated within the ABM. The 1-month follow-up was in line
with the drug release profile of the Xience Prime drug-eluting stent (up
to 75 % of drug released within the initial month) (Mukheja et al., 2024).

2.1.1. Stent implantation module

The patient-specific diseased coronary artery cross-section reported
in Fig. 2 was considered. This cross-sectional geometry was recon-
structed from post-mortem coronary artery data collected at the Eras-
mus Medical Center (Rotterdam, The Netherlands) (Guvenir Torun
et al., 2021). The study was approved by the local Ethical Committee,
and participants provided informed consent to participate in the study.
Details on sample collection and geometry creation are provided in
Guvenir Torun et al. (2021).

The coronary artery cross-section (Fig. 2A) had a lumen area of 4.08
mm?, with minimum lumen diameter of 1.79 mm. It was characterized
by a diseased two-layered arterial wall comprising a fibrous intimal
layer, with two lipid pools and one calcification, and a media/adventitia
layer (Guvenir Torun et al., 2021). The arterial wall was discretized
using quadrilateral and triangular elements (CPE4R, CPE3). The tissue
material properties previously calibrated through an inverse FE
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Fig. 2. A) Patient-specific diseased coronary artery cross-section; B) Drug transport model domains and mesh: stented coronary artery cross-section with schematic of
the domains (Q), boundaries (I') and geometric parameters, and representation of the finite element mesh on magnified portions of the geometry. C) Agent-based

model of the patient-specific stented coronary artery cross-section.

modeling pipeline were used (Guvenir Torun et al., 2021). Specifically,
the fibrous intima and media/adventitia layers were modelled as Yeoh
materials, while the lipid and calcium components as Neo-Hookean
materials, with material parameters provided in Table 1 (Gijsen et al.,
2021; Guvenir Torun et al., 2021; Loree et al., 1994). All materials
presented density of 1000 kg/m® and Poisson’s ratio of 0.475 (assumed
as quasi-incompressible (Milzi et al., 2021; Stefanati et al., 2024)).
Additionally, the FE coronary artery model was surrounded by a circular
external structure of 10 mm of diameter for the imposition of boundary
conditions, modelled as a compressible Neo-Hookean material with

Table 1

material constant of 100 kPa, which practically reduced the rigid body
motion of the artery structure and accounted for the perivascular
compliant tissue. The Xience Prime drug-eluting stent (Abbott Labora-
tories, Abbott Park, IL, USA) was used, featuring 12 equally-spaced
square struts of 81 um thickness, with 8 um thick polymer coating,
and a nominal diameter of 3 mm. The stent material was modelled as
linear elastic, with Young’s Modulus of 243 GPa (Mandal et al., 2016).

The 2D FE simulation of stent expansion was performed in Abaqus/
Explicit (Dassault Systemes, Simulia corp., USA), under plane strain
assumption. The simulation consisted of three steps (Supplementary

Mechanical properties of the arterial tissue components, from Guvenir Torun et al (2021).

Fibrous intima Arterial wall Calcium Lipid tissue
Constitutive model Wyeon = 23 Lo~ 3)t Wiveo-Hookean = €1 ® (I — 3)
i=
¢ [kPa] 18.99 0.42 1000 1
cz[kPa] —96.68 0.59 - -
c3[kPa] 289.37 21.60 - -
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Figure 1S): (i) a pressurization step, where a uniform intraluminal
pressure of 100 mmHg was applied to the coronary artery luminal sur-
face and maintained throughout the entire simulation, (ii) an inflation
step, where the stent struts were radially expanded by applying a
displacement condition up to a diameter of 3.1 mm to an internal cir-
cular surface representing the balloon, and (iii) a deflation step, in which
the surface collapsed. The general contact algorithm, with a ‘hard’
normal behaviour and a tangential behaviour with friction coefficient of
0.2 was set to define the interaction between the struts and the lumen

Table 2
Drug transport model equations.

Polymer (Q,) acp MO
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¢p: drug concentration in the polymer; D,: effective polymer coating diffusion
coefficient; c¥: initial drug concentration in the polymer; MP: initial mass of
drug; V,: volume of the coating per strut; u;: transmural velocity in the intima;
K;: Darcy permeability in the intima; y,: plasma dynamic viscosity; p;: pressure
field in the intima; c;: dissolved drug concentration in the intima; 7;: hindrance
coefficient in the intima; ¢;: intima porosity; D;: diffusivity tensor of the intima;
b*: concentration of specifically bound drug; k. specific binding on rate; kf,ff:
specific binding off rate; b}, : specific binding site maximum density; b™: con-
centration of non-specifically bound drug; kg;,: non-specific binding on rate; kyg:
non-specific binding off rate; bl : non-specific binding site maximum density;
RSnqp: spatial contour of receptor saturation (RS) at a specific time instant;
RScurve: time-varying mean RS over space; V;i: intima volume; u;: transmural
velocity in the lipid; K;: Darcy permeability in the lipid; p;: pressure field in the
lipid; ¢;: dissolved drug concentration in the lipid; y;: hindrance coefficient in the
lipid; ¢;: lipid porosity; D;: diffusivity tensor of the lipid; umq: transmural ve-
locity in the media/adventitia; K;q: Darcy permeability in the media/adventitia;
Dma: pressure field in the media/adventitia; ¢;,q: dissolved drug concentration in
the media/adventitia; y,,,: hindrance coefficient in the media/adventitia; ¢,,,:
media/adventitia porosity; Dmg: diffusivity tensor of the media/adventitia. The
values and references of all the parameters are provided in Supplementary
Table 18.

Table 3
Drug transport model boundary conditions.
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border of the coronary artery cross-section (Corti et al., 2022a). Nodes
on the external surface of the surrounding structure were fixed (zero-
displacement boundary condition).

2.1.2. Drug transport module

The drug transport module was adapted from Corti et al. (2023a) to
account for heterogeneous arterial tissue composition. A FE mesh of
triangular elements was created in COMSOL Multiphysics (COMSOL AB,
Burlington, MA, USA) (Fig. 2B). Transient simulations of Sirolimus drug
transport were performed in COMSOL Multiphysics (Escuer et al., 2022,
2021; McQueen et al., 2022), implementing: (i) drug release from a
durable coating, modelled as a diffusion process (McGinty, 2014), (ii)
drug transport within the porous arterial tissues, modelled by coupling
Darcy’s law with advection—diffusion-reaction equations, and (iii) drug
retention, modelled with nonlinear saturable binding kinetics, by
applying specific-binding (b*) to cells in the fibrous intima and non-
specific binding (b™) to non-cellular components in all the arterial tis-
sues. The calcification was considered as a non-diffusive, non-perme-
able, and non-porous region (Escuer et al., 2022). Moreover, while non-
specific binding kinetics were modelled in the intima, lipid and media/
adventitia tissues, specific binding kinetics were modelled only in the
intima. The drug transport model equations are provided in Table 2,
with parameter values and references detailed in Supplementary Table
1S, and boundary conditions in Table 3. Receptor saturation was
computed at each time step over the domain and the spatial contour was
exported every 6 simulated hours as RSyqp.

2.1.3. Tissue remodelling module

The tissue remodelling module consisted of the 2D ABM simulation
of arterial wall remodelling in response to the intervention-induced
inflammation and released drug (Corti et al., 2023a). Fig. 2C shows
the ABM of the two-layer stented coronary artery cross-sections,
composed of intima, plaques and media/adventitia layers. Briefly, the
ABM was generated on a 300 x 300 hexagonal grid by scaling the nodal
coordinates obtained from the drug transport module by a 25 um/ABM
site scale factor (SMC diameter of 25 pm (Tahir et al., 2015)). Cells and
ECM composed the intima and media/adventitia layers, with specific
densities (Corti et al., 2024, 2023b, 2022a, 2022b; Serafini et al., 2023).
An inflammatory curve (I), representing the time-varying post-inter-
vention inflammatory response along 1 month, and the RSy, repre-
senting the local and instantaneous fraction of SMCs bound to drug
(updated every 6 simulated hours), were used to initialize the ABM and
drive cellular activities. Probabilistic rules were defined to simulate
cellular mitosis/apoptosis and ECM production/degradation in response
to I and RSy, in the intima, and homeostatic activities in the adventitia
as detailed in Table 4 (Corti et al., 2023a). Specifically, in the intima
layer, the inflammatory response I determines an increase in the pro-
liferative and synthetic cellular activities (P}, @0 Phcyproductions
while receptor saturation determines a reduction of cellular mitosis, due
to the cytostatic effect of drug (pf; .,)- In the media/adventitia layer, or
in the intima layer in case of absence of stimuli, baseline activities are set
to ensure a balance of cellular mitosis and apoptosis, and of ECM pro-
duction and degradation. The parameters were defined according to

Boundary

Condition

Polymer coating-strut interface (I'ys)
Polymer coating-lumen interface (I'y;)
Endothelium (I¢¢)

Polymer coating-wall interface (I'yy)
Internal elastic lamina (IEL) (I')
Perivascular edge (I'yqy)

Intima-Lipid regions

Intima-Calcium region

Zero-flux (Bozsak et al., 2014)

Infinite sink (Bozsak et al., 2014)

Infinite sink (Escuer et al., 2022)

Continuity (Bozsak et al., 2014; Escuer et al., 2022)
Kedem-Katchalsky (Escuer et al., 2022)

Infinite sink (Bozsak et al., 2014; Escuer et al., 2022)
Kedem-Katchalsky (Colombo et al., 2021)

Zero-flux (Gijsen et al., 2021)
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Table 4
Agent-based model probability equations.

Intima Plivision = (a1 +a2I") (1 —asRSapu™)

h —
Papoptosis = @1

h =as + asI"
PEcMproduction = %4 5
h _ %
PEcMdegradation =
Pine

Media/Adventitia pﬁiw_sim — PZ;, optosis = 01
h h

PEcMproduction = Pmed/ady ® PEcMdegradation = @4

a; = 0.0025; az = 0.05; a3 = 1; ag = 0.0004; a5 = 0.0125

Bint = 1.55; pmed/adv = 2.5

Parameters

Pt ion: Probability of cell mitosis; pgpopmkz probability of cell apoptosis;
pg‘CMproductian: probability of extracellular matrix (ECM) production; p’gCMdegmden:
probability of ECM degradation; I: inflammatory input; RSapp: receptor satu-

ration input; a1, g, a3, A4, As, Prea> Pagy: Parameters driving agent probabilities.

Corti et al. (2023a). Comprehensive details on the definition of proba-
bilistic rules can be found in previous studies (Corti et al., 2024, 2023b,
2022a, 2022b).

The ABM simulation involves executing agent activities at each 2-
hour time step. To desynchronize cellular activities, each agent is
initialized with a random time within its biological cycle Tagent (Tcenn =
24 h and Tggm = 4 h), which is updated at each time step. When agents
reach the end of their biological cycle, they become potentially active,
and their internal time is reset at the following step. Accordingly, at each
time step, potentially active agents are identified, and the manifestation
of the agent-specific event (cell mitosis/apoptosis or ECM production/
degradation) is tested: the event occurs only if the agent-specific event

A)
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probability exceeds a randomly generated number. An agent is gener-
ated in the case of cell mitosis and ECM production, while it is removed
in the case of cell apoptosis and ECM degradation. Agent generation/
removal within the arterial wall is inward-oriented in the intima, thus
associated to a lumen area change, and outward-oriented in the media/
adventitia, thus not affecting the lumen area. Finally, smoothing algo-
rithms are applied to maintain regular contours (Corti et al., 2023b,
2022b, 2022a).

To account for the ABM stochasticity, the simulation was repeated
three times, and the one with the output minimizing the root mean
square deviation of the lumen contour from the average one was
selected as the representative condition, and shown.

2.2. Investigated scenarios

To explore the impact of tissue heterogeneity and different plaque
composition on drug release and subsequent remodelling processes,
three coronary material configurations were considered, by maintaining
the same stented vessel geometry and varying the plaque components:
the original case (O), presenting two lipid pools and one calcification;
the fully-lipidic case (L), presenting all lipid pools; and the fully-calcific
case (C), presenting all calcifications (Fig. 3A). The drug transport
module was run by modifying the assignment of the lipid and calcium
transport properties to the different plaque regions, resulting in different
receptor saturation maps for the three (O, L and C) cases.

Additionally, three inflammatory curves were generated to investi-
gate the relative interplay between inflammatory state and drug reten-
tion on cellular activation and subsequent arterial wall response. Fig. 3B
depicts the three inflammatory curves, which represent potential sce-
narios characterized by varying degrees and persistence of vascular

C

[ Lipid pool Calcification [ Intima [ Media/Adventitia
B)
1r - - —
i =
1 ‘.‘ ’ N -2
c -
o s 1-3
= B
0.5F / .
£ Do .
8 CN
= ] AN
0 N N TToeeeel 2
0 10 20 30

Time [days]

Fig. 3. Investigated plaque composition (A) and inflammatory scenarios (B). Each of the plaque composition case (O: original, L: fully-lipidic and C: fully-calcific)
was considered in combination with each of the inflammatory input.
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Fig. 4. Receptor saturation curves (A) and contour maps (B) for the different plaque composition scenarios (O: original, L: fully-lipidic, C: fully-calcific).

inflammation that may realistically arise following percutaneous coro-
nary intervention (Edelman and Rogers, 1998; Kalkman et al., 2018;
Schillinger et al., 2002a, 2002b): I-1 (previously used in (Corti et al.,
2023a)), presenting a sharp peak around day 1 and an abrupt decay,
with most of the inflammatory response occurring within 5 post-
operative days and completely resolving within 1 month; I-2, present-
ing a peak around day 8 and a smooth decay, with most of the inflam-
matory response occurring within 20 days and completely resolving
within 1 month; and I-3, presenting a peak around day 12 and a very
smooth decay with a residual 30 % inflammatory state at 1 month. The
rationale for the formulation of the three inflammatory curves is
detailed in the Supplementary Material.

3. Results
Fig. 4 shows the receptor saturation curves and contours over 1 post-

operative month obtained by the drug transport module considering the
three plaque composition scenarios (O, L, and C). Case L resulted in

similar receptor saturation as case O; the only difference between these
cases is that one of the three plaque components has different properties.
While negligible differences were observed in terms of receptor satura-
tion curve over time (i.e., spatial-averaged receptor saturation), the
spatial contour of receptor saturation reflected the impact of the calci-
fication, which acted as a barrier to the transport of drug (Fig. 4).
Consequently, a drug-depleted zone emerged behind the calcification up
to day 20 in case O (Fig. 4B). The effect of calcifications was even more
evident in case C, which resulted in a significantly different receptor
saturation compared to cases O and L, both in terms of average trend and
spatial contour over time (Fig. 4). Indeed, when all the plaque regions
were modelled as calcific, less effective transport of drug was obtained,
with the presence of large drug-depleted zones behind all the plaque
regions (Fig. 4B). Even after 30 days, large areas exhibited very low drug
concentrations, increasing the probability of cellular proliferation,
contributing to in-stent restenosis. Overall, these results highlighted the
impact of plaque composition on drug release, with lipid pools favouring
the transport of drug, and consequently drug retention, compared to
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Fig. 5. Results of the tissue remodeling module in response to the inflammatory curve I-1 for the different plaque composition scenarios (O: original, L: fully-lipidic,
C: fully-calcific). A) Normalized lumen area over time; B) Temporal evolution of the agent-based model (ABM) for the O, L and C scenarios: for each ABM plane, the
results were retrieved from one out of three ABM simulations, namely the one presenting the lumen configuration minimizing the root mean square deviation from

the average one.

calcific plaques.

Figs. 5, 6 and 7 show the arterial wall remodelling over 1-month
follow-up in response to the different receptor saturation (obtained
from cases O, L and C), for the three inflammatory curves (I-1, I-2 and I-
3), respectively. It is evident that the arterial remodelling is affected by
the interplay between receptor saturation and the inflammatory input.
Particularly, when considering I-1, a constant 10 % lumen area reduc-
tion over 1 month was observed across all cases, irrespective of plaque
composition (Fig. 5A). Minor local morphological variations in intimal
growth patterns were detected, as indicated by the red arrow in Fig. 5B.
The slightly larger local growth obtained in case C (red arrow, Fig. 5B)
compared to cases O and L reflected the presence of the larger drug-
depleted zones nearby. As the inflammatory stimulus persisted longer
(i.e., I-2 and I-3), the lumen area reduction increased in all cases (O, L

and C) and the impact of plaque composition became more pronounced.
Particularly, with I-2, a 1-month lumen area reduction of 19 %, 19 % and
21 % was observed in cases O, L and C, respectively (Fig. 6A), increasing
to 33 %, 33 % and 38 % with I-3 (Fig. 7A). In both cases, localized higher
intimal growth was observed in case C near the drug-depletion zones,
highlighting the role of calcifications in hindering effective drug trans-
port (Fig. 6B and 7B). Finally, while a stabilization of the lumen area at
1-month was noted in response to I-1 and I-2 (Fig. 5A and 6A), a plateau
was not reached with I-3 (Fig. 7A), suggesting that longer follow-up
times would reveal further reductions in lumen area.

4. Discussion

In this work, a patient-specific multiscale agent-based modelling
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framework was developed to investigate the interplay between drug
release, plaque composition and intervention-induced inflammation on
in-stent restenosis following drug-eluting stent implantation. The study
introduced significant advancements to the previous work proposed by
the authors and addressed the major limitations that were previously
encountered (Corti et al., 2023a). First, a patient-specific diseased cor-
onary cross-section was considered, thus accounting for heterogeneous
arterial wall tissue, with lipid pools and calcifications. Second, the
framework was enriched with a stent implantation module, enabling the
generation of a realistic stented geometry from the diseased coronary
artery cross-section. Third, the impact of different plaque compositions
on the drug transport and on the subsequent arterial wall response was
explored. Finally, the effect of different inflammatory conditions, ac-
counting for possible diverse intervention-induced insults, was

investigated.

Specifically, applying the multiscale framework to a patient-specific
diseased coronary cross-section represents the primary innovation,
marking substantial advancement in the in-silico modelling of in-stent
restenosis development. The drug transport model was modified to
include tissue-specific transport properties, providing deeper insights
into how different plaque compositions affect drug release, stent effi-
cacy, and resultant in-stent restenosis. This analysis was deepened by
simulating two additional scenarios, namely a fully lipidic and a fully
calcific plaque, achieved by adjusting the transport properties of the
plaque regions. Moreover, by investigating the combinations of the
three plaque composition scenarios (the original one, with mixed pla-
ques, the fully-lipidic one and the fully-calcific one), with three post-
intervention inflammatory curves, the following findings emerged: (i)
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calcifications substantially impeded drug transport, resulting in drug-
depleted regions, and reduced stent efficacy; (ii) by having an impact
on the drug transport, variations in plaque composition influenced
arterial wall response, with the fully-calcific scenario showing the
greatest lumen area reduction; (iii) the impact of different receptor
saturation conditions (obtained with different plaque compositions) was
particularly evident under conditions of persistent inflammatory state.

To the best of the authors’ knowledge, this study represents the most
sophisticated multiscale model of in-stent restenosis that accounts for
the effect of drug release by the stent, as it integrates FE simulation of
stent implantation, with a drug transport model incorporating tissue-
specific transport properties and state-of-the-art binding kinetics, and
an ABM of cellular dynamics responsive to both drug and inflammatory
inputs. Besides the authors’ previous investigation (Corti et al., 2023a),

only two studies explored the effect of drug transport through ABMs of
in-stent restenosis (Caiazzo et al., 2011; Tahir et al., 2011). However,
these studies considered solely steady diffusion of free drug without
incorporating binding kinetics and idealized vessel geometries with
uniform tissue. Also at the continuum level, in-stent restenosis models
including drug transport have been restricted to idealized geometries
(McQueen et al., 2022). A recent study by Sarifuddin and Mandal (2024)
investigated the impact of different plaque compositions on drug
transport and retention, focusing on drug-coated balloons instead of
drug-eluting stent. Similar to our work, they considered a patient-
specific atherosclerotic arterial cross-section presenting with a hetero-
geneous tissue composition (healthy tissue, fibrous tissue, fibrofatty
tissue, dense calcium and necrotic core), and generated “hard” and
“soft” plaque alternative scenarios by modifying the tissue properties of
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the fibrous and fibrofatty regions into calcium and necrotic core, and
vice-versa, respectively. Although they considered a drug-coated
balloon instead of a drug-eluting stent, their results on drug release
and retention were consistent with ours. They observed a marked dif-
ference in the concentration of bound drug over time and in space be-
tween the “hard” model and the “soft”/original one, with the “hard”
model showing lower concentrations compared to the others. It is
important to note that the study by Sarifuddin and Mandal (2024)
focused only on drug transport modelling and did not include arterial
wall remodelling. Differently from their study, we were able to quantify
how plaque-induced differences in drug transport affect neointima hy-
perplasia and eventually in-stent restenosis.

While this study presents significant advancements in modelling in-
stent restenosis after drug-eluting stent implantation, it has limitations.
These primarily arise from the decision to simplify the framework to
focus specifically on drug release, retention, and the associated cellular
responses under varying plaque compositions and inflammatory condi-
tions. Accordingly, a simplified stent implantation module was imple-
mented, achieving the primary aim of obtaining a stented configuration
as initial state for the drug transport and tissue remodelling modules.
Future studies could incorporate more sophisticated FE simulations of
stent expansion to capture arterial wall stresses, strains or damage,
which can be used as inputs for cellular dynamics in the ABM, as pre-
viously demonstrated (Corti et al., 2024, 2022a). Additionally, a
spatially uniform, time-varying inflammatory curve was considered as
the only restenosis trigger. This allowed us to focus on assessing the
impact of diverse plaque composition on drug transport and subsequent
in-stent restenosis without introducing confounding effects. Following
the availability of patient-specific circulating inflammatory biomarkers
(as gene expression or C-reactive protein data) personalized inflamma-
tory profiles can be implemented, as done in our previous studies (Corti
et al., 2023b, 2022b). Furthermore, to reflect the localized increase in
inflammatory response in damaged regions, systemic inflammatory
profiles can be adjusted locally based on intervention-induced trauma,
as previously proposed (Corti et al., 2024). Moreover, since the frame-
work is modular, various restenosis triggers, such as the above-
mentioned structural stresses, strains or damage, or hemodynamic-
based drivers (if a hemodynamic module is included), can be incorpo-
rated, as explored in previous works (Corti et al., 2024, 2023b, 2022a,
2022b; Nolan and Lally, 2018; Zahedmanesh et al., 2014; Zun et al.,
2019, 2017). Additionally, the study was limited to a single 2D vessel
geometry. Application of the model to several cross-sections or patients
is needed to strengthen the results. Upon availability of patient-specific
3D coronary artery geometries with detailed tissue composition, our
previously developed 3D-2D approach (Corti et al., 2023b, 2022b,
2022a) can be applied solving the stent implantation and drug transport
modules in the 3D vessel geometry, and the tissue remodelling module
at selected stented vessel cross-sections. Furthermore, here, a 1-month
follow-up period was considered, being consistent with the typical
drug release profile of the Xience Prime drug-eluting stent. However,
longer follow-up times can be simulated. Finally, a limitation of the
study lies in the lack of calibration and validation. Once longitudinal
follow-up data become available, the framework can be calibrated and
validated, leveraging established pipelines previously proposed, con-
sisting of: (i) performing a sensitivity analysis on the ABM and drug
transport parameters to identify the driving parameters, (ii) calibrating
the identified parameters through the combination of surrogate
modelling and genetic algorithm optimization, and (iii) applying the
calibrated framework to different patient cases for validation (Corti
et al., 2023b, 2022b).

Overall, this study represents a step forward in multiscale modelling
of in-stent restenosis following drug-eluting stent implantation, by
intentionally limiting the complexity to focus on the specific interactions
between drug release, plaque composition, inflammation, and reste-
nosis. In the future, a comprehensive 4-module framework, comprising
stent implantation, drug transport, hemodynamics and tissue
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remodelling modules can be implemented, building on insights from our
previous research.

5. Conclusions

The present study introduced a novel multiscale framework for
investigating in-stent restenosis following drug-eluting stent implanta-
tion, integrating a stent implantation module with plaque composition-
specific drug kinetics and an ABM of arterial wall remodelling. Applied
to a patient-specific coronary artery cross-section with heterogeneous
diseased tissue and considering different inflammatory triggers, our
analysis provided deeper insights into the complex interactions among
plaque composition, drug release and retention, inflammation and
subsequent cellular response. While confined to a single vessel cross-
section, the results highlighted that in-stent restenosis following drug-
eluting stent implantation is likely to be impacted by the underlying
plaque composition. Specifically, a coronary artery with calcifications
exhibits lower concentrations of saturated receptors, resulting in
reduced drug efficacy and potentially higher in-stent restenosis devel-
opment. Moreover, the results underlined that the degree of in-stent
restenosis also depends on the intensity and persistence of the pro-
restenosis triggers. Future calibration and validation of the proposed
multiscale framework model will allow obtaining a patient-specific
predictive model of in-stent restenosis.
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