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A B S T R A C T   

Background and objective: In-stent restenosis (ISR) following percutaneous coronary intervention with drug- 
eluting stent (DES) implantation remains an unresolved issue, with ISR rates up to 10%. The use of anti
proliferative drugs on DESs has significantly reduced ISR. However, a complete knowledge of the mechano
biological processes underlying ISR is still lacking. Multiscale agent-based modelling frameworks, integrating 
continuum- and agent-based approaches, have recently emerged as promising tools to decipher the mechano
biological events driving ISR at different spatiotemporal scales. However, the integration of sophisticated drug 
models with an agent-based model (ABM) of ISR has been under-investigated. The aim of the present study was 
to develop a novel multiscale agent-based modelling framework of ISR following DES implantation. 
Methods: The framework consisted of two bi-directionally coupled modules, namely (i) a drug transport module, 
simulating drug transport through a continuum-based approach, and (ii) a tissue remodelling module, simulating 
cellular dynamics through an ABM. Receptor saturation (RS), defined as the fraction of target receptors saturated 
with drug, is used to mediate cellular activities in the ABM, since RS is widely regarded as a measure of drug 
efficacy. Three studies were performed to investigate different scenarios in terms of drug mass (DM), drug release 
profiles (RP), coupling schemes and idealized vs. patient-specific artery geometries. 
Results: The studies demonstrated the versatility of the framework and enabled exploration of the sensitivity to 
different settings, coupling modalities and geometries. As expected, changes in the DM, RP and coupling schemes 
illustrated a variation in RS over time, in turn affecting the ABM response. For example, combined small DM – 
fast RP led to similar ISR degrees as high DM – moderate RP (lumen area reduction of ~13/17% vs. ~30% 
without drug). The use of a patient-specific geometry with non-equally distributed struts resulted in a hetero
geneous RS map, but did not remarkably impact the ABM response. 
Conclusion: The application to a patient-specific geometry highlights the potential of the framework to address 
complex realistic scenarios and lays the foundations for future research, including calibration and validation on 
patient datasets and the investigation of the effects of different plaque composition on the arterial response to 
DES.   

1. Introduction 

Coronary artery disease is the leading cause of death worldwide [1]. 
Treatment typically involves percutaneous coronary intervention with 
drug-eluting stent (DES) implantation. Despite innovations in stent 
technology, in-stent restenosis (ISR) remains the most common 
side-effect [2]. ISR rates of up to 10% are still observed clinically, with 

complex lesions the primary culprit [2,3]. ISR results from excessive 
synthetic smooth muscle cell (SMC) proliferation and extracellular ma
trix (ECM) deposition, initiated by the inflammatory response to 
vascular injury [4]. Antiproliferative drugs coated on DESs inhibit SMC 
proliferation and have resulted in reductions in ISR rates. However, a 
complete understanding of the different biological, mechanical and 
technical factors that lead to ISR is still lacking [4]. In particular, the 
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optimal drug delivery strategy has yet to be defined [5]. 
In-silico investigation provides understanding of the complex 

mechanisms driving ISR. Recent multiscale agent-based modelling 
frameworks have emerged as a promising approach to gain insights into 
the mechanobiological mechanisms underlying vascular adaptation 
processes, especially restenosis [6]. The suitability to describe the 
complex network of events and to capture spatial heterogeneity are 
attractive characteristics of agent-based models (ABMs), enabling 
simulation of cellular dynamics and mechanobiological mechanisms, 
involving cell-cell and cell-environment interactions [6]. To the best of 
the authors’ knowledge, a multiscale framework coupling the 
state-of-the-art drug transport model with an ABM of ISR following DES 
implantation is lacking. To date, several computational studies focused 
on modelling either ISR (through a continuum or ABM approach) or 
drug elution kinetics. However, (i) the ISR studies neglected the effect of 
drug or considered a simple model of drug delivery (e.g., [7,8]) 
encompassing only diffusion and ignoring the critical binding processes 
and (ii) the drug transport models did not consider the concurrent 
arterial wall remodelling, in turn affecting the drug transport and ki
netics [9,10]. Only recently, McQueen et al. [11] proposed a 
fully-continuum multiscale model of ISR following DES implantation, by 
explicitly coupling a drug transport model with partial differential 
equations of cellular dynamics driving arterial wall remodelling and ISR. 

The aim of the present work is to contribute to the advancement of in- 
silico modelling of ISR by proposing a multiscale agent-based modelling 
framework of ISR in coronary arteries that couples continuum-based 
drug transport simulations with an ABM of cellular dynamics. More
over, to show the potential utility of the framework, different scenarios 
are investigated, including the effect of drug mass (DM) and drug release 
profiles (RP) as well as different framework coupling modalities on ISR 
in an idealized coronary artery cross-section. Finally, to demonstrate the 
feasibility of extension to more realistic scenarios, a proof-of-concept 

application of the framework to a patient-specific coronary artery 
cross-section is considered. 

2. Methods 

2.1. Multiscale framework 

Fig. 1 shows the multiscale ISR framework, which receives a 2D 
stented coronary artery cross-section and a literature-derived post- 
intervention inflammatory curve as input, and generates the artery 
cross-section configuration at 1-month as output. The framework con
sists of two coupled modules: (i) drug transport module and (ii) tissue 
remodelling module. Within the drug transport module, the geometry is 
meshed and transient simulations of drug transport are performed [11]. 
Receptor saturation (RS) (fraction of saturated target receptors, a mea
sure of drug efficacy) is computed and passed to the tissue remodelling 
module, which simulates the 1-month post-intervention remodelling 
[12–14]. Specifically, a 2D ABM replicates SMC and ECM activities in 
response to the intervention-induced inflammation and the RS, thus 
generating the 1-month remodelled arterial configuration. The frame
work can be executed either as one-way or two-way coupling. One-way 
coupling involves simulating the drug transport module over 1-month 
and providing the RS output along the entire period to the tissue 
remodelling module, which in turn simulates the arterial wall remod
elling over 1-month. Differently, with two-way coupling, the drug 
transport module is run on the initial geometry up to a given coupling 
time (e.g., 3 days), the RS curve is then passed to the tissue remodelling 
module, simulating arterial wall remodelling over the same time period, 
then the drug transport module is run again on the remodelled geometry 
(output from the tissue remodelling module) over the following coupling 
period (e.g., from day 3 to day 6): this process continues until the end of 
the follow-up period (i.e., 1-month in this case). 

Fig. 1. Multiscale computational agent-based 
modelling framework. Starting from the sten
ted coronary artery cross-section, the frame
work (dashed red box) simulates arterial wall 
remodelling and in-stent restenosis (ISR) over 
1-month of follow-up, generating as output the 
remodelled arterial geometry. The framework 
consists of two bi-directionally coupled mod
ules, namely (i) the drug transport module at 
the tissue-seconds scale, in which the artery 
model is meshed and the drug transport simu
lation is performed to compute the receptor 
saturation (RS), and (ii) 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 inflam
mation and the RS, and generates the remod
elled arterial configuration.   
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Both an idealized and a patient-specific coronary artery cross-section 
were considered (Fig. 2). The idealized stented coronary artery 
(Fig. 2A), implemented in COMSOL Multiphysics 5.6a (COMSOL AB), 
possessed a lumen diameter, media (considered as a single layer, 
embedding the intima layer of 0.01 mm thick) and adventitia thickness 
of 3 mm, 0.51 mm and 0.4 mm, respectively [9,11]. The Xience Prime 
DES (Abbott) with 12 equally-spaced square struts of 81 µm thickness, 
with 8 µm thick polymer coating was half-embedded in the wall. The 
patient-specific geometry (Fig. 2B) consisted of a cross-section with 
lumen and stent geometries derived from a three-dimensional patient-
specific stented coronary artery reconstructed from post-operative op
tical coherence tomography images. The patient coronary artery was 
treated with a 3.5 × 28 mm Xience Prime DES at the Institute of Car
diology, Catholic University of the Sacred Heart (Rome, Italy) [15,16]. 
The stent presented 18 struts/ring and same strut characteristics of the 
idealized geometry. The cross-section lumen hydraulic diameter was 
3.82 mm and circular 0.65 mm thick media and 0.51 mm thick adven
titia layers were defined in accordance with the thickness-diameter ratio 
of the idealized geometry. In both the idealized and patient-specific 
geometries, the endothelium was assumed to be completely denuded 
after stent deployment. 

2.1.1. Drug transport module 
Transient simulations of drug transport were performed in COMSOL 

Multiphysics. Fig. 3A presents a schematic of the geometry, with details 
of the boundaries (Γ) and domains (Ω). Sirolimus transport was 
modelled as in [10,11,17], being the most widely studied drug in the 
context of DES [18,19]. Tables 1 and 2 provide the equations defining 
the drug transport model (with parameters values and references 
detailed in Supplementary Table 1) and boundary conditions, respec
tively. Briefly, (i) drug release from a durable coating was modelled as a 
diffusion process [20], (ii) drug transport within the porous media and 
adventitia was modelled by coupling Darcy’s law with 
advection-diffusion-reaction equations and (iii) drug retention was 
considered in the media layer, where nonlinear saturable binding ki
netics were implemented to distinguish between drug bound specifically 
(bs) to cells and non-specifically (bns) to non-cellular constituents (e.g., 
ECM). 

A finite element mesh comprising boundary layers and triangular 
and quadrilateral elements was created in COMSOL Multiphysics 
(Fig. 3A). A mesh independence study was performed, investigating the 
impact of mesh size on RS. The selected mesh (~327,000 elements) 
guaranteed convergence and perturbations in RS below 1%. The implicit 
backward differentiation formula method was used for the time dis
cretization of the model. The relative and absolute tolerances were set to 
10− 3 and 10− 4, respectively. 

RS was computed at each time step over the domain. The RS output 
served as input to the ABM either as RSmap, consisting of the spatial 
contour of RS at a specific time instant, or as RScurve, the time-varying 

mean RS over space. 
It is noted that the Xience stent, upon which the strut geometry in 

this study is based, in reality delivers everolimus via bi-phasic diffusion 
kinetics [21]. A single mode of diffusion is considered in this study for 
simplicity and sirolimus is chosen owing to the availability of parameter 
values in the literature. 

2.1.2. Tissue remodelling module 
A 2D ABM was implemented in Matlab (MathWorks) to simulate the 

post-intervention arterial wall remodelling at the cell-tissue scale in 
response to the intervention-induced inflammation and drug released. 
The ABM structure relied on previously developed ABMs of restenosis 
[12–14], adapted to account for a two-layer coronary artery geometry 
and for the effect of drug. Fig. 3B shows the ABM of the two-layer stented 
coronary artery cross-sections, composed of media and adventitia layers. 
The ABM was implemented on a 300 × 300 hexagonal grid and was 
generated by importing the nodal coordinates from the drug transport 
module and scaling them by a 25 µm/ABM site scale factor (i.e., 1 cel
l/ABM site, SMC diameter~25 µm [22]). The media was populated with 
SMCs and collagen and elastin (named as ECM). The adventitia was 
populated with fibroblasts and collagen, with layer-specific cell and 
ECM densities [12–14,23,24]. 

The ABM was initialized with the inflammatory input (I) and the RS 
input (RSABM), driving cellular activities as detailed in Table 3 and 
explained below. I represented the post-intervention inflammation and 
was used as the ISR trigger, assuming cellular activity heightened as 
inflammation increased, potentially leading to intimal hyperplasia and 
ISR [12–14]. As shown in the Supplementary Fig. S1, I consisted of a 
time-varying input (with peak around day 3 [25,26], vanishing at day 
30) equally influencing all the agents in the media layer (uniform spatial 
input). RSABM represented the fraction of SMC binding sites bound to 
drug and accounted for the inhibitory effect on SMC proliferation. The 
RSABM value was assigned to each agent in the media and was derived 
either from RScurve or RSmap provided by the drug transport module. In 
the case of RScurve, RSABM was defined by assigning all the medial SMC 
agents the RS value at the specific ABM time-step. Differently, in the case 
of RSmap, RSABM was defined by assigning to each medial SMC agents the 
corresponding RS value at that time-step. However, since RSmap ob
tained from the drug transport module at a specific time was computed 
on the original geometry, a method to assign RSABM values to the neo
intima was implemented in the ABM, such that the RSABM contour in the 
neointima radially reflected the RSABM contour in the media (Supple
mentary Fig. S2). Overall, the RSABM input derived from RScurve was 
uniform in space, while the RSABM input derived from RSmap accounted 
for spatial RS distribution and heterogeneity. 

Cell mitosis/apoptosis and ECM production/degradation were 
defined such that in the media layer SMC mitosis and ECM production 
were perturbed by I and RSABM, while in the adventitia baseline 
homoeostasis was reproduced. The probability equations governing cell 
mitosis/apoptosis and ECM production/degradation in the media and 
adventitia layers are detailed in Table 3, with parameters in Table 4. The 
formulation of the probability equations relied on previous studies, and 
in particular on the hypotheses that: (i) baseline dynamics (i.e., in the 
absence of I and RSABM inputs) guarantee balanced mitosis/apoptosis as 
well as ECM production/degradation, thus requiring the introduction of 
βmed and βadv coefficients to compensate the biased favoured ECM 
degradation, as detailed in [13,23]; (ii) only the media layer (here 
considered as comprehensive of both intima and media) was actively 
involved in the restenosis process; (iii) arterial tissue growth was mainly 
attributable to the perturbation of cell mitosis and ECM production 
(while potential changes in cell apoptosis and ECM degradation pro
cesses were neglected); (iv) the higher the inflammatory response I, the 
more proliferative and synthetic cellular activities are intensified, as 
defined in the probability equations of ph

division and ph
ECMproduction in the 

media detailed in Table 3; (v) RSABM accounts for the cytostatic effect of 

Fig. 2. A) Idealized stented coronary artery cross-section, with lumen diameter 
Dl = 3 mm. B) Patient-specific stented coronary artery cross-section (right), 
with lumen hydraulic diameter Dl = 3.82 mm. The lumen and stent geometries 
were extracted from the three-dimensional patient arterial model reconstructed 
from post-operative optical coherence tomography images (left). 
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drug, meaning that the higher RSABM the more cell mitosis is reduced, up 
to ceasing if RSABM = 1, as defined in the probability equations of ph

division 
in the media detailed in Table 3. The parameters were tuned to repro
duce ~20/25% degree of restenosis at 1-month in the absence of drug 
[27] and to guarantee a final intimal ECM/SMC ratio (normalized by the 
initial value) within the range [0.5 1.5], as in [12–14]. SMC mitosis and 
ECM production determined agent generation, while SMC apoptosis and 
ECM degradation determined agent removal. In both cases, tissue 
reorganization was implemented as in [23], being inward- and 
outward-orientated in the media and in the adventitia, respectively. This 
implied that growth of the media (i.e., the only layer affected by per
turbed agent activities) resulted in lumen narrowing. Regularization 
processes were performed to guarantee smooth contours [12–14]. 

Due to the ABM stochasticity, each 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 [12–14,23]. 

2.1.3. Coupling scheme: drug transport and tissue remodelling 
In the two-way coupling case, the nodal lumen, lamina and external 

border coordinates of the selected ABM output cross-section (from the 
three repeated simulations) were re-scaled (according to the scaling 
factor of 25 µm/ABM site) and exported in Rhinoceros (Robert McNeel & 
Associates), where, through the interpolation of the point coordinates, 
the remodelled geometry was generated and input into the drug trans
port module to compute drug transport and update the RSABM input to 
cellular activities. Thus, the updated geometry was imported into 
COMSOL Multiphysics, where a new mesh was discretized. Then at 
t=coupling time, the transport model was initialized by imposing (i) the 
RS condition of the last time step of the previous simulation in the media 
and (ii) either RS=1 or RS=0 within the neointima. The boundary 
conditions detailed above (Table 2) were applied. 

Fig. 3. A) Drug transport model domains and mesh. Idealized coronary artery cross-section with schematic of the domains (Ω), boundaries (Γ) and geometric 
parameters, and representation of the finite element mesh on magnified portions of the geometry. B) Agent-based model of the idealized (left) and patient-specific 
(right) coronary artery cross-section, with a magnification on a portion of the arterial wall. 
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2.2. Studies 

Three studies were performed to investigate the impact of different 
settings/scenarios on ISR: Study 1, the effect of different DM and RP; 
Study 2, the effect of one-way vs. two-way coupling; Study 3, the effect 
of RSmap vs. RScurve outputs from the drug transport module to compute 
RSABM . Studies 1 and 2 were performed by considering RScurve and the 
idealized geometry, while Study 3 considered RScurve and RSmap and the 
patient-specific geometry. A detailed description of the various sce
narios is provided below. 

2.2.1. Study 1 
Study 1 applied the one-way coupled framework on the idealized 

geometry up to 1-month. The drug transport module simulated six 
different scenarios by imposing different DM and polymer diffusion 
coefficient Dp (influencing the RP), detailed in Table 5. Six RScurve over 1- 
month were obtained as output of the six scenarios from the drug 
transport module and used to initialize the ABM. 

2.2.2. Study 2 
Study 2 applied the two-way coupled framework on the idealized 

geometry up to 1-month. The impact of two-way coupling on sA and sD 
was investigated, these representing extreme scenarios. Specifically, 
four coupling cases were considered (Table 6). Two coupling times (3 vs. 
1 days) were investigated, as well as two RS initial conditions within the 
drug transport module (RS=1 vs. RS=0 within the neointima at 
t=coupling time), leading to the following coupling conditions (i.e., C1: 
3 days and RS=1, C2: 3 days and RS = 0 and C3: 1 day and RS = 1). For 
each case, RScurve over the coupling period was computed by the drug 
transport module and used to initialize the ABM. 

2.2.3. Study 3 
Study 3 applied the one-way coupled framework to the patient- 

specific geometry up to 1-month, to study the impact of homogeneous 
vs. heterogeneous RSABM, obtained from RScurve vs. RSmap, respectively. 
The study was performed considering sD. The patient-specific geometry 
exhibited an irregular and non-symmetric geometry with unequal strut 
spacing, enabling consideration of the potential differences between 
RScurve and RSmap, compared to the idealized geometry. 

3. Results 

3.1. Study 1 

Fig. 4A displays RScurve computed from the drug transport module 
under the six scenarios. The variation in DM influenced both the 
maximum RS achieved and the time-to-peak. With high, mid-high and 
mid-low DM (sA, sB and sC, respectively) RS~1 was achieved by 2, 4 and 

Table 1 
Drug transport model equations.  

Polymer (Ωp) ∂cp

∂t
= Dp∇

2cp, c0
p =

M0

Vp 

Media (Ωm) um =
Km

μp
∇pm, ∇⋅um = 0 

∂cm

∂t
+

γm
ϕm

um⋅∇cm = ∇⋅(Dm∇cm) −
∂bs

∂t
−

∂bns

∂t 
∂bs

∂t
= ks

oncm(bs
max − bs) − ks

off b
s, bs(t = 0) = 0 

∂bns

∂t
= kns

oncm(bns
max − bns) − kns

off b
ns, bns(t = 0) = 0 

RSmap =
bs

bs
max

; RScurve =
1

Vw

∫

Vw

bs

bs
max

dVw 

Adventitia (Ωa) ua =
Ka

μp
∇pa, ∇⋅ua = 0 

∂ca

∂t
+

γa
ϕa

ua⋅∇ca = ∇⋅(Da∇ca)

cp: drug concentration in the polymer; Dp: effective polymer coating diffusion 
coefficient; c0

p : initial drug concentration in the polymer; M0: initial mass of drug; 
Vp: volume of the coating per strut; um: transmural velocity in the media; Km: 
Darcy permeability in the media; μp: plasma dynamic viscosity; pm: pressure field 
in the media; cm: dissolved drug concentration in the media; γm: hindrance co
efficient in the media; ϕm: media porosity; Dm: diffusivity tensor of the media; bs: 
concentration of specifically bound drug; ks

on: specific binding on rate; ks
off : 

specific binding off rate; bs
max: specific binding site maximum density; bns: con

centration of non-specifically bound drug; kns
on: non-specific binding on rate; kns

off : 
non-specific binding off rate; bns

max: non-specific binding site maximum density; 
RSmap: spatial contour of receptor saturation (RS) at a specific time instant; 
RScurve: time-varying mean RS over space; Vw: arterial wall volume; ua: trans
mural velocity in the adventitia; Ka: Darcy permeability in the adventitia; pa: 
pressure field in the adventitia; ca: dissolved drug concentration in the adven
titia; γa: hindrance coefficient in the adventitia; ϕa: adventitia porosity; Da: 
diffusivity tensor of the adventitia. The values and references of all the param
eters are provided in the Supplementary Table 1.  

Table 2 
Drug transport model boundary conditions.  

Boundary Condition 

Polymer coating-strut interface (Γps) Zero-flux [18] 
Polymer coating-lumen interface (Γpl) Infinite sink [18] 
Endothelium (Γet) Infinite sink [10] 
Polymer coating-wall interface (Γpw) Infinite sink [10,18] 
External elastic lamina (EEL) (Γeel) Kedem-Katchalsky [10] 
Perivascular edge (Γadv) Infinite sink [10,18]  

Table 3 
Agent-based model probability equations.  

Media ph
division = (α1 + α2Ih)(1 − α3RSh

ABM)

ph
apoptosis = α1 

ph
ECMproduction = α4 + α5Ih 

ph
ECMdegradation =

α4

βmed 
Adventitia ph

division = ph
apoptosis = α1 

ph
ECMproduction = βadv⋅ph

ECMdegradation = α4 

ph
division: probability of cell mitosis; ph

apoptosis: probability of cell apoptosis; 
ph

ECMproduction: probability of extracellular matrix (ECM) production; 

ph
ECMdegradation: probability of ECM degradation; I: inflammatory input; 

RSABM: receptor saturation input; α1, α2, α3, α4, α5, βmed, βadv: parameters 
driving agent probabilities.  

Table 4 
Agent-based model parameters.  

Parameter α1 α2 α3 α4 α5 βmed βadv 

Value 0.0025 0.025 1 0.0004 0.0125 1.55 2.5  

Table 5 
Scenarios of study 1.  

Scenario DM [µg/cm2] Dp [m2/s] 

sA 100 1 × 10− 17 

sB 10 1 × 10− 17 

sC 2.5 1 × 10− 17 

sD 1 1 × 10− 17 

sE (Fast) 2.5 1 × 10− 16 

sF (Slow) 2.5 1 × 10− 18 

DM: drug mass; Dp: effective polymer coating diffusion coefficient. 
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8 days, respectively, while with low DM (sD) a maximum RS=0.93 was 
achieved around day 23. Moreover, while in sA, RS~1 was maintained 
up to 1-month, in sB, sC and sD, a slight decrease in RS was observed. 
The variation of RP influenced the rate of increase of RS and, conse
quently, the maximum RS achieved within 1-month. With a mid-low 
DM, a fast RP (sE) determined a fast initial rate of RS, with a peak of 
RS~1 around day 4, decreasing to RS=0.8 at day 30, and a slow RP (sF) 
determined a slow initial rate of RS, with a peak of RS~0.92 at day 30. 

The different scenarios displayed varying arterial responses 
(Fig. 4B). In the absence of drug, a ~30% lumen area reduction at 1- 
month was obtained. Drug release halved the lumen area reduction (to 
~13/17% at 1-month) in sA, sB, sC and sE. A moderate improvement in 
outcome with a 22/24% lumen area reduction at 1-month was obtained 
with sD and sF, respectively. In the low-restenosis scenarios sA, sB, sC 
and sE, a slight decrease in SMC content was observed due to inhibited 
SMC proliferation, while SMC apoptosis still occurred. Thus, in sA, sB, sC 
and sE drug efficacy was maximum and the lumen area reduction over 1- 
month was solely attributed to increased ECM production. In the 
moderate-restenosis scenarios sD and sF, SMC remained stable over 
time, resulting in higher availability of SMCs producing ECM, compared 
to the previous scenarios. Consequently, the lumen area decrease over 1- 
month was attributable to the net increase in ECM content, higher than 
in sA, sB, sC and sE due to the greater content of synthetic SMCs. In all 
scenarios, the adventitia remodelled without experiencing changes in 
cell/ECM content and area. Fig. 5 depicts the ABM cross-sections at days 
15 and 30 for the six scenarios. As expected, the ABM simulated a ho
mogeneous growth, due to the uniform RSABM input. 

3.2. Study 2 

The effect of the two-way coupling was analysed both at the drug 
transport module and tissue remodelling module levels. At the drug 
transport module level, the two-way coupling did not affect the RScurve 
over 1-month in sA (sA vs. sA–C1), while it influenced the RScurve over 1- 
month in sD in all the cases (sD vs. sD–C1, sD–C2 and sD–C3) (Fig. 6A). 
Specifically, when considering RS=1 in the neointima, both the 3-day 
(sD–C1) and 1-day (sD–C3) coupling led to a faster RS increase, with a 
peak of RS=0.96 at day 15, compared to the RS=0.93 at day 23 (sD). 
Differently, when considering RS=0 in the neointima (sD–C2) at each 
coupling time, RS dropped below its prior level due to increase in the 
area with RS=0. This led to decreased drug efficacy compared to the 
one-way coupling case (sD). 

At the tissue remodelling module level, as expected from the analysis 
of RScurve, a minor difference was obtained between the one-way and 
two-way coupling in sA (sA vs. sA–C1), with the two-way coupling 
presenting a slight decrease of restenosis at 1-month (Fig. 6B). Notably, 
despite the non-negligible changes in RScurve of sD between the one-way 
and the two-way coupling (sD vs. sD–C1, sD–C2, and sD–C3), a minor 
difference was observed in the 1-month restenosis degree (Fig. 6B). 
Fig. 6C shows the ABM cross-sections at days 15 and 30 for the four 
coupling cases. In all cases, homogeneous growth was observed. More
over, as expected from the lumen area trend (Fig. 6B), negligible dif
ferences in output cross-sections were obtained between the one-way 
and two-way couplings (Fig. 5 vs. 6C). 

3.3. Study 3 

Fig. 7A-B depict, respectively, the RScurve and RSmap over time, 
computed by the drug transport module. No differences in the lumen 
area over time were observed between RScurve vs. RSmap cases (Fig. 7C). 
This was in line with expectations since RScurve represented the average 
over space of RSmap, at each time-instant. Thus, from a quantitative 
perspective, the overall effect on SMCs was similar. Fig. 7D shows the 
ABM cross-sections at days 15 and 30 for RScurve and RSmap cases. Minor 

Table 6 
Coupling cases of study 2.  

Coupling case Coupling time Initial condition 

sA–C1 3 days RS=1 
sD–C1 3 days RS=1 
sD–C2 3 days RS=0 
sD–C3 1 day RS=1 

RS: receptor saturation. 

Fig. 4. Results of study 1. A) Receptor satura
tion (RS) over time computed by the drug 
transport module for the scenarios sA (green), 
sB (blue), sC (yellow), sD (red), sE (violet) and 
sF (grey) and inflammatory curve (dashed black 
line). B) Normalized lumen area (left) and 
normalized extracellular matrix (ECM) and cell 
medial content over time (right) obtained from 
the tissue remodelling module for the six sce
narios sA (green), sB (blue), sC (yellow), sD 
(red), sE (violet) and sF (grey) and for the case 
without drug (black), represented as median 
and interquartile range.   
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differences in the ABM growth pattern were found at day 15 between the 
two cases, but attenuated over time, vanishing by day 30. 

4. Discussion 

A novel multiscale framework was developed in which spatiotem
poral drug transport simulations were coupled with an ABM of cellular 
dynamics to investigate the effect of drug release on ISR at the cell-tissue 
scale. To date, it appears only two ABMs included the effect of drug 
release on ISR [7,28]. In those frameworks, the drug transport module 
comprised simple steady diffusion of free drug and neglected binding 
kinetics. In the present work, a more sophisticated drug transport model 
was adopted and a multiscale framework was implemented to simulate 
the bi-directional interaction between spatiotemporal drug release and 
tissue remodelling. Recently, McQueen et al. [11] proposed a similar, 
but fully-continuum, approach, where SMC and ECM dynamics were 
modelled through partial differential equations and drug release was 
computed simultaneously with changes in cellular and extracellular 
content. However, tissue growth was computed at the end of the simu
lation based on mass balance derived from cellular dynamics, meaning 
that the drug release was de-coupled from the morphological and 
volumetric change. Differently, in the present framework the arterial 
wall remodelling occurred simultaneously with the cellular dynamics 
and, when two-way coupling was considered, the influence of the 

geometrical change on the drug release was considered by solving drug 
transport in the deformed geometry at each coupling time. 

Three studies were performed to investigate different scenarios in 
terms of DM, RP, coupling schemes and arterial geometries. As expected, 
increased DM and fast RP led to a quicker and greater RS peak, resulting 
in a smaller degree of restenosis, compared to low DM and slow RP 
scenarios. However, the ABM was not sensitive to small translations in 
time of the RS peak, if the RS peak occurred by 5 days, as demonstrated 
by the responses in sA and sB (Fig. 4). Moreover, a decay of RS following 
day 5 did not impact the ABM response largely, as demonstrated by the 
small differences in the ISR severity obtained in sB vs. sE (Fig. 4). 
Additionally, the ABM was not sensitive to changes in the RScurve of sD 
between the one-way and two-way coupling (Fig. 6). The lack of 
remarkable differences in the simulated ISR, despite differences in 
RScurves, was probably due to the assumed inflammatory input, which 
presented an early peak and lost most of its effect after day 5 (I<0.4). 
Thus, RScurve within the first 5 days mainly governed the ABM output, 
while changes in RScurve after day 5 had negligible effects on the final 
ISR. Finally, a series of factors determined the lack of remarkable spatial 
heterogeneity in the RSmap case of Study 3: (i) the lumen geometry and 
stent strut distribution was not extremely heterogeneous; (ii) uniform 
tissue layer properties were considered; (iii) the selected scenario sD led 
to a condition in which up to day 5 (when the inflammation lost most of 
its effect) more than 50% of the media and especially the outer ring of 
the media presented RS=0, thus determining a uniformly distributed 
growth; (iv) the drug only affected SMC proliferation but not ECM 
production, thus uniform ECM production further mitigated the poten
tial heterogeneity deriving from SMC proliferation; (v) after day 20, the 
growth ceased due to the low influence of the inflammation, together 
with the high RS and the lumen border regularized due to the applica
tion of smoothing algorithms. 

Overall, the three studies demonstrated the versatility and proof-of- 
concept of the framework, which enables analyses with (i) one-way or 
two-way coupling, (ii) RScurve or RSmap inputs and (iii) idealized or 
patient-specific geometries. Study 1 highlighted that a small DM com
bined with fast RP determine a similar ISR degree as a high DM and 
moderate RP, suggesting scope for optimizing DES design. The studies 
also shed light on the effects that the assumed inflammatory input has on 
the ABM output and on deciphering the interaction between drug 
release and remodelling. In particular, with the assumed inflammatory 
curve (abrupt and sharp), the long-term (i.e., after the first 5 days) drug 
release does not have a notable impact on SMC proliferation. Differently, 
in case sustained inflammatory curves were considered, the entire RS 
profile would have probably influenced cellular dynamics and reste
nosis. In this context, a sensitivity analysis of the inflammatory input 
should be performed in future to investigate the ABM working 
mechanisms. 

This study served as proof-of-concept and was not exempt from 
limitations. First, a 2D geometry was considered. In future, a combined 
3D-2D approach can be applied as has been done in previous studies 
[12–14,23,24], in which the continuum-based module (the drug trans
port module in this case) is solved in a 3D geometry and the 
discrete-based module (the tissue remodelling module) is solved at 
selected stented vessel cross-sections. Second, a simplified approach was 
adopted to simulate the restenosis trigger, consisting of a spatially uni
form, time-varying inflammatory curve. Inflammatory cells and their 
drug receptors were not explicitly modelled. Thus, the interaction be
tween drug and inflammatory cells was neglected, although such in
teractions could have implications in terms of drug efficacy. Moreover, 
thanks to the modularity of the framework, stent expansion and hemo
dynamic modules can be included, allowing computation of the 
intervention-induced damage and perturbed fluid-dynamics, which 
were used as the restenosis driver in previous works [12–14]. Third, the 
drug transport properties of the neointimal tissue were assumed to be 
identical to those in the media layer, although in reality these may differ 
due to differences in composition between the two regions. Herein, a 

Fig. 5. Results of study 1. Agent-based model (ABM) cross-sections at day 15 
and day 30 for the case without drug and the six scenarios of study 1 (sA, sB, sC, 
sD, sE, sF). For each scenario, the results were retrieved from one out of three 
ABM simulations, namely the one presenting the lumen configuration mini
mizing the root mean square deviation from the average one. 
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homogeneous arterial wall tissue was assumed, although different tissue 
and plaque composition is thought to markedly impact on drug release, 
retention in tissue and, consequently, the arterial remodelling response. 
Future research should focus on considering arterial tissue heterogene
ity, thus providing a more accurate drug transport model. 

Finally, the feasibility of the idealized to patient-specific translation 
was demonstrated by applying the framework to a realistic geometry. In 
this context, future steps will address the framework calibration and 
validation. To this aim, the pipeline adopted in the previously proposed 
ISR studies [12,14] can be applied herein, consisting of: (i) a preliminary 
sensitivity analysis to identify the driving ABM parameters, (ii) a com
bined surrogate modelling – genetic algorithm optimization approach to 
calibrate the driving ABM parameters based on the patient outputs and 
(iii) the application of the calibrated framework to a different patient 
case to validate it. 

5. Conclusions 

A novel multiscale framework coupling drug kinetics with an ABM of 
arterial wall remodelling has been presented. The work demonstrated 
the suitability of the framework to investigate the multiscale and 
multifactorial mechanisms underlying arterial wall remodelling 
following DES implantation. The results highlighted that the ISR degree 
emerged from the interplay between the inflammatory response and RS 
trend, in turn driven by DM and RP. In particular, with an abrupt in
flammatory response the RS within the first 5 post-operative days 
mainly governed the ISR degree, thus a sustained drug release over an 
entire month may not be necessary. The proof-of-concept application to 
patient-specific geometries lays the foundations for future research in 
the field, including its calibration and validation on patient datasets and 
the investigation of the effects of different plaque composition on the 

Fig. 6. Results of study 2. A) Receptor satura
tion (RS) over time computed by the drug 
transport module for the scenarios sA (green – 
solid line) and sD (red – solid line) and their 
corresponding coupling cases, namely sA – C1 
(green – dashed line), sD – C1 (red – dashed 
line), sD – C2 (red – dash-dotted line) and sD – 
C3 (red – dotted line). Representation of the 
inflammatory curve (dashed black line). B) 
Normalized lumen area over time (median and 
interquartile range) obtained from the tissue 
remodelling module for the scenarios sA (green 
– solid line) and sD (red – solid line) and their 
corresponding coupling cases, namely sA – C1 
(green – dashed line), sD – C1 (red – dashed 
line), sD – C2 (red – dash-dotted line) and sD – 
C3 (red – dotted line). C) Agent-based model 
(ABM) cross-sections at day 15 and day 30 for 
the coupling cases sA – C1, sD – C1, sD – C2 and 
sD – C3. For each case, the results were 
retrieved from one out of three ABM simula
tions, namely the one presenting the lumen 
configuration minimizing the root mean square 
deviation from the average one.   
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arterial response to DES. Finally, the framework developed is not only 
applicable to DES and may be tailored to any scenario where the in
fluence of drug delivery on tissue remodelling post device deployment is 
of interest. 
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