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Abstract 

Background. Restenosis following percutaneous transluminal angioplasty (PTA) in femoral 

arteries is a major cause of failure of the revascularization procedure. The arterial wall response to 

PTA is driven by multifactorial, multiscale processes, whose complete understanding is lacking. 

Multiscale agent-based modeling frameworks, simulating the network of mechanobiological events 

at cell-tissue scale, can contribute to decipher the pathological pathways of restenosis. In this 

context, the present study proposes a fully-automated multiscale agent-based modeling framework 

simulating the arterial wall remodeling due to the wall damage provoked by PTA and to the altered 

hemodynamics in the post-operative months. 

Methods. The framework, applied to an idealized femoral artery model, integrated: (i) a PTA 

module (i.e., structural mechanics simulation) computing the post-PTA arterial morphology and the 

PTA-induced damage, (ii) a hemodynamics module (i.e., computational fluid dynamics simulations) 

quantifying the near-wall hemodynamics, and (iii) a tissue remodeling module simulating cellular 

activities through an agent-based model.  

Results. The framework was able to capture relevant features of the 3-month arterial wall 

response to PTA, namely (i) the impact of the PTA-induced damage and altered hemodynamics on 

arterial wall remodeling, including the local intimal growth at the most susceptible regions (i.e., 

elevated damage levels and low wall shear stress), (ii) the lumen area temporal trend resulting from 

the interaction of the two inputs, and (iii) a 3-month lumen area restenosis of ~25%, in accordance 

with clinical evidence.      

Conclusions. The overall results demonstrated the framework potentiality in capturing 

mechanobiological processes underlying restenosis, thus fostering future application to patient-

specific scenarios.  
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1. Introduction 

Peripheral artery disease (PAD) is an occlusive pathology affecting more than 230 million 

adults worldwide (a global prevalence of ~ 5.6%) (Criqui et al., 2021). The lower limb arteries, and 

in particular the superficial femoral artery (SFA), are among the vessels most affected by PAD 

(Kasapis and Gurm, 2010). The choice of the optimal endovascular treatment for PAD in SFA is 

still controversial and can depend on the lesion characteristics, such as the length, location, and 

plaque composition (Tepe et al., 2015). Although percutaneous transluminal angioplasty (PTA) is 

widely adopted as primary endovascular procedure in SFA, it suffers from a ~60% 1-year primary 

patency rate, mainly due to neointimal hyperplasia and subsequent restenosis (Katsanos et al., 

2014). The endothelial denudation and arterial wall damage induced by balloon expansion is 

thought to be the primary trigger of neointimal hyperplasia through the activation of an 

inflammatory cascade promoting exacerbated cellular activity and ultimately leading to excessive 

tissue re-growth and potential restenosis (Parmar et al., 2009; Schillinger and Minar, 2005; 

Toutouzas et al., 2004). Moreover, the post-intervention hemodynamics alteration contributes to the 

arterial wall remodeling through a direct or endothelial-mediated effect on vascular cell dynamics 

(Chistiakov et al., 2017; Harrison et al., 2006; Koskinas et al., 2012). Despite the extensive in-vitro, 

in-vivo and in-silico research aimed at deciphering the underlying mechanisms of restenosis 

following PTA, a complete understanding of the mechanobiological processes of this adverse tissue 

response is still lacking.  

The development of in-silico frameworks coupling continuum- and agent-based models (i.e., 

multiscale agent-based modeling frameworks) has emerged as a promising approach for the 

investigation of vascular adaptation processes, well capturing the intrinsic multiscale, multifactorial 

and interconnected events in a systems biology perspective (Corti et al., 2021). To date, several 

multiscale agent-based modeling frameworks of arterial wall remodeling after endovascular 

procedure have been proposed (Corti et al., 2021). However, they were mainly focused on either the 

https://doi.org/10.1016/j.compbiomed.2022.105753
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wall damage- or the hemodynamic-related factors promoting restenosis (Boyle et al., 2011, 2010; 

Caiazzo et al., 2011; Li et al., 2019; Nolan and Lally, 2018; Tahir et al., 2014, 2013, 2011; 

Zahedmanesh et al., 2014; Zun et al., 2017, 2019). The present study proposes a fully-automated 

multiscale agent-based modeling framework simulating the arterial wall remodeling due to both the 

wall damage provoked by PTA and the altered hemodynamics in the post-operative months. The 

framework integrates: (i) a structural mechanics simulation of PTA in a diseased femoral artery 

model to compute the arterial wall damage, (ii) computational fluid dynamics (CFD) simulations in 

the post-intervention artery model to quantify the near-wall hemodynamics, and (iii) an agent-based 

model (ABM) of arterial wall remodeling to simulate the cellular activity in response to the 

computed arterial wall damage and near-wall hemodynamics.  

First, to assess the ABM working mechanisms and verify the correctness of the model 

formulation, the ABM of arterial wall remodeling was tested under idealized scenarios. Then, the 

entire framework (PTA simulation and CFD simulations coupled with the ABM) was applied to an 

idealized diseased SFA model simulating the arterial response along a follow-up period of 3 

months.  

 

2. Methods 

2.1. Multiscale framework 

Figure 1 shows the multiscale framework of restenosis following PTA. The framework 

receives as input the geometry of the diseased SFA artery, performs the structural mechanics 

simulation of the PTA procedure (PTA module), executes the CFD simulation in the post-PTA 

artery model (hemodynamics module), simulates the post-intervention arterial wall remodeling 

through the agent-based modeling approach and reconstructs the new SFA geometry at prescribed 

follow-ups (tissue remodeling module). Within the PTA module, the geometry of the three-

dimensional (3D) diseased SFA is meshed and a structural mechanics simulation of balloon 

https://doi.org/10.1016/j.compbiomed.2022.105753
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expansion solved through the finite element method is performed. The arterial wall damage induced 

by the intervention procedure is quantified within the intima layer and used as input to the tissue 

remodeling module. The lumen surface of the deformed vessel configuration resulting from the 

PTA simulation is given as input to the hemodynamics module for the computation of the post-

intervention hemodynamics. The fluid domain of the 3D post-PTA SFA model is meshed, a steady-

state finite volume CFD simulation is performed, and the computed wall shear stress (WSS) profiles 

are extracted at selected bidimensional (2D) cross-sections and used to initialize the tissue 

remodeling module. Within the tissue remodeling module, a 2D ABM, implemented for each vessel 

cross-section, simulates the post-intervention arterial wall remodeling in response to the PTA-

induced damage and the near-wall hemodynamics, by replicating cellular and extracellular matrix 

(ECM) dynamics. At a predefined coupling period (1 month in the present study), the ABM 

simulations are interrupted, the lumen surface of the SFA model is reconstructed from the ABM 

outputs and the hemodynamics module – tissue remodeling module sequence is repeated to 

compute the hemodynamics in the current remodeled arterial geometry and consequently update the 

ABM hemodynamic stimulus to the cellular activities. This sub-cycle is performed until a desired 

follow-up time (3 months in the present study). The framework is fully automated and executed 

through an external subroutine in Matlab (MathWorks, Natick, MA, USA).  

https://doi.org/10.1016/j.compbiomed.2022.105753
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Figure 1. Multiscale computational framework. Starting from the diseased superficial femoral artery (SFA) model, the 

framework (dashed red box) simulates: (i) the percutaneous transluminal angioplasty (PTA) procedure (PTA module) at 

the tissue-seconds scale, through a structural mechanics simulation solved by means of the finite element method, (ii) 

the post-intervention hemodynamics (hemodynamics module) at the tissue-second scale, through finite volume 

computational fluid dynamics (CFD) simulations, and (iii) the post-intervention arterial wall remodeling along 3 

simulated months (tissue remodeling module) at the cell-days scale, through a bidimensional (2D) agent-based model 

(ABM). Finally, from the ABM outputs, a new three-dimensional (3D) vessel geometry is reconstructed.  

 

2.1.1. 3D SFA model 

An idealized 3D model of diseased SFA, presenting with an eccentric plaque, was generated 

using Rhinoceros (Robert McNeel & Associates, Seattle, WA, USA) (Fig. 2A). The dimensions of 

https://doi.org/10.1016/j.compbiomed.2022.105753
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the healthy portion of the SFA model were based on human femoral artery data. In particular, the 

healthy lumen diameter was set to 6.5 mm (Liang, 2020; Wood et al., 2006) while the ratios 

reported in Table 1 were adopted to define the intima, media and adventitia thickness (Hafner et al., 

2016; Wong et al., 1993). The atherosclerotic region was built assuming a percentage area stenosis 

of ~65% (moderate stenosis) and an outward enlargement according to Glagov’s phenomenon 

(Glagov et al., 1987). The outward expansion of the intima layer was assumed to compensate the 

initial plaque growth until the area occupied by the lesion was ~20% of the healthy lumen area 

(Fok, 2016). Specifically, the geometry construction consisted of a 2-step process. First, the 

diameter of the internal elastic lamina was enlarged (i.e., outward intimal growth) while preserving 

the lumen diameter as well as the healthy media and adventitia thicknesses. This produced an 

enlargement of the external diameter. Then, the lumen diameter was reduced to generate a 65% 

stenosis on the lumen area. The resulting dimensions of the SFA model are summarized in Table 2.  

https://doi.org/10.1016/j.compbiomed.2022.105753
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Figure 2. A) Three-dimensional model of diseased superficial femoral artery, with a detail on the mesh (dashed box). 

B) Percutaneous transluminal angioplasty (PTA) simulation: 1. Initial configuration; 2. Pressurization at 100 mmHg; 3. 

Balloon insertion; 4. Balloon inflation at 15 atm and 5. Balloon deflation.  
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Table 1. Arterial wall dimensions  

Dimension [Reference]  Value Region  

Wall thickness / Lumen diameter (Hafner 
et al., 2016) 0.22 Human popliteal artery  

Intima thickness / Wall thickness (Wong 
et al., 1993) 0.18 Human common femoral artery 

Media thickness / Wall thickness (Wong 
et al., 1993) 0.52 Human common femoral artery 

Adventitia thickness / Wall thickness 
(Wong et al., 1993) 0.30 Human common femoral artery 

 

Table 2. Dimensions of the idealized three-dimensional superficial femoral artery model. The diseased diameters are 

related to the most stenotic vessel cross-section (central cross-section). 

Entity  Value [mm] 

Total length 70  

Healthy lumen diameter 6.5 

Healthy external diameter 9.4 

Diseased lumen diameter 3.8 

Diseased external diameter 10.2 

 

 

2.1.2. PTA module 

SFA model  

The arterial wall was meshed with ~450,000 eight-node brick elements with reduced integration using 

HyperMesh (Altair Engineering, Troy, MI, USA) (Fig. 2A). Isotropic hyperelastic constitutive 

models were implemented to describe the mechanical properties of the healthy, diseased and plaque 

arterial wall tissues. The intima, media and adventitia layers of the healthy ends were assumed as 

almost incompressible (Poisson’s ratio of 0.495) and modeled through a second-order polynomial 

strain energy function (Prendergast et al., 2003), as follows: 

U =  ∑ 𝐶𝐶𝑖𝑖𝑖𝑖2
𝑖𝑖+𝑗𝑗=1 (𝐼𝐼1̅ − 3)𝑖𝑖(𝐼𝐼2̅ − 3)𝑗𝑗 + ∑ 1

𝐷𝐷𝑖𝑖
(𝐽𝐽𝑒𝑒𝑒𝑒2

𝑖𝑖=1 − 1)2𝑖𝑖                     (1) 

https://doi.org/10.1016/j.compbiomed.2022.105753


 Accepted manuscript at https://doi.org/10.1016/j.compbiomed.2022.105753   

11 
 

where 𝐶𝐶𝑖𝑖𝑖𝑖 and 𝐷𝐷𝑖𝑖 are material parameters, 𝐼𝐼1̅ and 𝐼𝐼2̅ are the first and second invariants of the deviatoric 

right Cauchy-Green deformation tensor and 𝐽𝐽𝑒𝑒𝑒𝑒 is the elastic volume ratio. Perfect plasticity was 

imposed to simulate tissue failure at a Cauchy stress of 0.2 MPa (Kamenskiy et al., 2015), in 

agreement with the strategy proposed in previous finite element structural analyses of endovascular 

procedures (Gökgöl et al., 2017; Iannaccone et al., 2017). The material parameters were derived from 

experimental data on human femoral arteries (Prendergast et al., 2003) and are summarized in Table 

3. The intima in the diseased portion was modeled as a highly calcified tissue through a neo-Hookean 

strain energy function with material parameters calibrated from experimental data on human 

atherosclerotic femoral plaques (Cunnane et al., 2015), detailed in Table 3. Moreover, the ductile 

damage model available in Abaqus (Dassault Systèmes Simulia Corp., Johnston, RI, USA) was 

adopted to describe the progressive softening behavior of the intima material (in the diseased portion) 

under stretch and compute for each element an associated level of damage, which will be then used 

as input for the subsequent ABM simulation (see Section 2.1.4). Specifically, the damage model 

(Smith, 2009) was set to obtain a damage initiation in correspondence with a Cauchy stress of 0.1 

MPa (Cunnane et al., 2015) and an exponential evolution. Finally, the calcified plaque material was 

described by coupling an Ogden strain energy function, as follows:  

U =  ∑ 2𝜇𝜇𝑖𝑖
𝛼𝛼𝑖𝑖
2  (𝜆̅𝜆1

𝛼𝛼𝑖𝑖 + 𝜆̅𝜆2
𝛼𝛼𝑖𝑖3

𝑖𝑖=1 + 𝜆̅𝜆3
𝛼𝛼𝑖𝑖 − 3)  + ∑ 1

𝐷𝐷𝑖𝑖
(𝐽𝐽𝑒𝑒𝑒𝑒3

𝑖𝑖=1 − 1)2𝑖𝑖                             (2) 

where 𝜇𝜇𝑖𝑖, 𝛼𝛼𝑖𝑖 and 𝐷𝐷𝑖𝑖 are temperature-dependent material parameters, and 𝜆̅𝜆𝑖𝑖 are the deviatoric 

principal stretches. A perfect plasticity model was considered to mimic plaque failure at a Cauchy 

stress of 0.2 MPa (Loree et al., 1994), as proposed by (Chiastra et al., 2016b; Gökgöl et al., 2017; 

Iannaccone et al., 2017). The calcium material parameters were derived from experimental tests on 

human atherosclerotic plaques (Loree et al., 1994) and are reported in Table 4. The density of the 

arterial tissue materials was set to 1000 kg/m3.  
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Table 3. Material parameters of the intima, media and adventitia layers of the healthy extremities (healthy artery) and of 

the intima in the diseased portion (diseased intima). 

Parameter C10  
[MPa] 

C01  

[MPa] 
C20  

[MPa] 

C11  

[MPa] 
C02  

[MPa] 
D1 D2 

Healthy artery 0.0189 0.00275 0.59042 0.85718 0 0.46189 0.175 

Diseased intima 0.0341 0 0 0 0 0.88754 0 

 

Table 4. Material parameters of the calcified plaque. 

Parameter 𝝁𝝁𝟏𝟏  𝜶𝜶𝟏𝟏  𝝁𝝁𝟐𝟐 𝜶𝜶𝟐𝟐  𝝁𝝁𝟑𝟑  𝜶𝜶𝟑𝟑 D1 D2 D3 

Value -83.08473 2.000048 54.08689 4.000048 29.04662 -1.999967 0.41 0 0 

 

 

In order to replicate the tissue environment surrounding the SFA in-vivo, a 5.5 mm thick 

layer surrounding the vessel model was created. The surrounding layer was meshed with ~23,000 8-

node brick elements with reduced integration in Hypermesh. Its material was described as a 

isotropic linear elastic constitutive law with properties coherent with those of a skeletal muscle 

(Sierra et al., 2015) and a density of 1000 kg/m3.    

Balloon model 

 The model of the Armada 35 PTA balloon (Abbott Laboratories, Abbott Park, IL, USA) was 

created using SolidWorks (Dassault Systèmes, SolidWorks Corp., Waltham, MA, USA) in its 

crimped configuration, with a length of 20.0 mm and a nominal diameter of 7.0 mm. The balloon 

geometry was represented as a multi-wing structure (Antonini et al., 2021; Chiastra et al., 2018; 

Grundeken et al., 2018). The balloon thickness was set to 0.025 mm (Chiastra et al., 2018). The 

balloon geometry was discretized with ~16,000 reduced integration membrane elements in 

HyperMesh. The polymeric material of the balloon was modeled through a linear elastic isotropic 

model (Chiastra et al., 2018) with Poisson’s ratio of 0.45 and Young’s modulus of 1.15 GPa, 

https://doi.org/10.1016/j.compbiomed.2022.105753
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obtained after a calibration procedure on the pressure-diameter curve provided by the manufacturer. 

The material density was set to 1000 kg/m3 (Chiastra et al., 2018). 

PTA simulation 

  The PTA procedure was simulated through the following steps using the finite element 

solver Abaqus/Explicit (Fig. 2B): (i) initial undeformed configuration, (ii) pressurization of the SFA 

model, through the imposition of a uniform pressure of 100 mmHg to the internal surface of the 

vessel (this load was maintained throughout the entire simulation), (iii) balloon positioning, (iv) 

balloon inflation, by applying a uniform pressure of 15 atm to the internal surface of the balloon, 

and (v) balloon deflation, by applying a negative uniform pressure of  0.15 atm to the internal 

surface of the balloon. Each procedural step was simulated as quasi-static processes, as discussed 

elsewhere (Chiastra et al., 2018). Interactions between the balloon, the SFA model and the layer 

surrounding the vessel were defined through the general contact algorithm, setting a ‘hard’ normal 

behavior and a tangential behavior with friction coefficient of 0.2 (Chiastra et al., 2018). As 

boundary conditions, no motion was allowed to the nodes of the vessel extremities and to the nodes 

of the external surface of the surrounding layer. At the proximal end, only the balloon radial 

displacement was allowed, while at the distal end only the balloon axial translation was constrained.  

 As simulation output, from the deformed SFA configuration at step (v), the lumen surface 

was exported for the subsequent CFD simulation (Section 2.1.3). The nodal coordinates of the 

entire geometry together with the associated damage variable were used as input for the ABM, as 

detailed in Section 2.1.4.   

 

2.1.3. Hemodynamics module  

The luminal surface of the deformed SFA model obtained at the end of step (v) of the PTA 

simulation (Fig. 2B) was extracted and used to compute the post-intervention hemodynamics (Fig. 

3). The fluid domain was meshed in Fluent (Ansys Inc., Canonsburg, PA, USA) with polyhedral 

elements and five layers of prism elements near the wall. A curvature-based refinement criterion 

https://doi.org/10.1016/j.compbiomed.2022.105753
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was adopted to accurately capture the geometrical features. The optimal mesh (~300,000 elements) 

in terms of both the hemodynamic output and ABM generation was identified through a mesh 

sensitivity analysis. A steady-state CFD simulation was performed using the finite volume-based 

solver Fluent, by imposing a parabolic velocity profile (mean velocity of 0.08 m/s, corresponding to 

a flow-rate of 200 mL/min (Holland et al., 1998; Klein et al., 2003)) at the inlet, zero pressure at the 

outlet, and the no-slip condition at the rigid walls. The blood was modeled as a non-Newtonian 

Carreau fluid with a density of 1060 kg/m3 (Chiastra et al., 2016a). Details about the solver settings 

are reported in Table 5. The WSS profiles were extracted at 19 evenly-spaced (3 mm) cross-

sectional planes (Fig. 3) and passed to the tissue remodeling module to perform the subsequent 

ABM analysis.  

 

 

Figure 3. Hemodynamics module. The velocity streamlines obtained from the computational fluid dynamics (CFD) 

simulation in the deformed superficial femoral artery model are shown. The 19 cross-sectional planes selected for the 

subsequent agent-based model analysis are displayed on the lumen surface. Details of the polyhedral CFD mesh of the 

inlet and wall portion are shown in the dashed black box and in the red box, respectively.   

https://doi.org/10.1016/j.compbiomed.2022.105753
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Table 5. List of the CFD solver settings 

Type Ansys Fluent – pressure-based 

Pressure-velocity coupling method Coupled  

Spatial discretization scheme–gradient Least squares cell based 

Spatial discretization scheme–pressure Second order 

Spatial discretization scheme–momentum Second order upwind 

Convergence criterion for the global residuals 5×10-5 

 

2.1.4. Tissue remodeling module  

A 2D ABM at the cell-tissue scale was implemented in Matlab for each of the 19 selected 

vessel cross-sections to simulate the pathophysiological arterial wall remodeling in response to the 

PTA-induced wall damage and near-wall hemodynamics (Fig. 4). The formulation of the ABM of 

restenosis was based on previously developed ABMs of atherosclerosis and in-stent restenosis 

(Corti et al., 2022, 2020, 2019), which were here adapted according to the different simulated 

scenario and underlying hypotheses through the definition of suitable inputs, probabilistic rules and 

regularization processes, as detailed below.  

The 2D ABM was implemented on a 300×300 hexagonal grid and was generated by 

importing, scaling, rotating and translating the nodal 3D coordinates from the deformed SFA 

geometry (step v on Fig. 2B), at the axial coordinate corresponding to the 19 selected cross-

sections. Considering the smooth muscle cell (SMC) diameter ~25 µm (Tahir et al., 2015), a scale 

factor of 0.0375 mm/ABM site was adopted, thus assuming 1.5 cells per ABM site. Moreover, a 

three-layered arterial wall ABM structure was obtained by following the node-layer association of 

the SFA model of the PTA module. Each layer (i.e., intima, media and adventitia) was populated 

with proper cell and ECM agents, namely SMCs, collagen and elastin in the intima and media 

layers, and fibroblast and collagen in the adventitia. As defined in (Corti et al., 2020), a SMC/ECM 

https://doi.org/10.1016/j.compbiomed.2022.105753
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ratio of 0.72 (Vermeulen et al., 2001) and a collage/elastin ratio of 0.63 (Sindram et al., 2011) were 

initially set in the intima and media layers, respectively, while a fibroblast/collagen ratio of 0.43 

was initially prescribed in the adventitia layer (Sokolis, 2008). 

 

Figure 4. Agent-based model (ABM) of plane 1 and plane 10 (Fig. 3) and detail on the hexagonal grid.  

 

The ABM was then initialized with the damage- and WSS-based inputs (Dinput and 

WSSinput, respectively), computed through the structural mechanics simulation of PTA and post-

intervention CFD simulation, respectively. Regarding Dinput, each agent in the intima was 

initialized either with the associated level of damage, as computed by the PTA simulation, in the 

atherosclerotic region (i.e., the only portion for which the damage model was considered) or with a 

null damage elsewhere (i.e., at the cross-sections of the healthy portions). Being the PTA-induced 

https://doi.org/10.1016/j.compbiomed.2022.105753
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injury considered as one of the main triggering event for the post-intervention inflammatory 

response (Schillinger and Minar, 2005), it was assumed that regions presenting with higher levels of 

damage were associated with an augmented inflammatory response, and subsequent cellular 

activation and restenosis than elsewhere. Accordingly, the agent-specific level of damage was used 

as local weight of a generic post-intervention inflammatory curve (Edelman and Rogers, 1998) (Fig. 

5), characterized by an early peak, followed by a rapid and then slow decay until 1 month after the 

intervention. Moreover, in accordance with previous findings (Jiang et al., 2004), the presence of a 

3-day delay between the cellular activation and the inflammatory stimulus was hypothesized. For 

each agent k, the Dinput was thus defined as:   

 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡)𝑘𝑘 =  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑘𝑘 × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)                                     (3) 

 

where 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑘𝑘 is the agent-specific level of damage derived from the PTA simulation and 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) is the generic inflammatory curve, translated to reproduce the delayed 

cellular activation. Regarding WSSinput, after initializing each ABM site of the lumen wall with the 

corresponding CFD-derived WSS, a level of endothelial dysfunction D ∈ (0; 1) was computed at the 

lumen wall sites, with higher values associated to low WSS and vice-versa (Chistiakov et al., 2017). 

D was defined as sigmoid shaped function of the WSS (Corti et al., 2022):  

𝐷𝐷(𝑊𝑊𝑊𝑊𝑊𝑊)𝑖𝑖 =  − 1

1+𝑒𝑒𝐿𝐿1�𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖−𝐿𝐿2�
+ 1                                                     (4) 

where WSSi is the value of WSS at the ith lumen wall site and L1=-15.25 [Pa-1] and L2=0.5 [Pa] 

define the slope and the WSS value at which D = 0.5, respectively (Supplementary Fig. S1). The 

values of L1 and L2 were set at the half admittable ranges, defined as the combination of L1 and L2 

that guarantee D(WSS=0)>0.9 and D(WSS=1)<0.1 (Corti et al., 2022). While at the lumen wall 

sites WSSinput was constituted by the above described variable D (representing the endothelial 
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dysfunction), in the intima sites the effect of the WSS propagated as described by Eq. 5 (Corti et al., 

2022):  

 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =  �
𝐷𝐷𝑖𝑖                                                                                               𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
∑ 𝐷𝐷(𝑊𝑊𝑊𝑊𝑊𝑊)𝑖𝑖 × 𝐴𝐴𝐴𝐴𝐴𝐴 × (1 + cos �𝜋𝜋 𝑥𝑥

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
�)                                  𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖

              (5) 

 

According to Eq. 5, D was hypothesized to spatially decay in the intima as the cosine curve portion 

with negative slope and amplitude Amp = 0.09 (Corti et al., 2022). At the intima sites at a distance x 

lower than 15 ABM sites (dist = 15 ABM sites) from the lumen wall sites i, WSSinput consisted in 

the sum of the decays of D.   

 

 

Figure 5. Generic inflammatory curve, inspired from literature (Edelman and Rogers, 1998). 

 

To desynchronize agent dynamics (i.e., to randomize the cellular activities), each agent was 

associated with a random even number, representing its biological time (internal clock), between 0 

and Tagent (Tcell=24 hours and TECM=4 hours, being T the agent biological cycle), which was updated 

at each ABM time step (2 hours). Accordingly, each potentially active agent, namely an agent at the 

end of its biological cycle (i.e., internal clock=Tagent), was randomly interrogated at each time step, 
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to assess whether it underwent a biological event or not. Specifically, a random number test ∈ (0; 1) 

was generated. Then, if the agent event probability (mitosis/apoptosis for cell agents, or ECM 

production/degradation for cell and ECM agents) was greater than test, then the agent became an 

active agent undergoing the specific event. Once the active agent underwent the biological event, its 

biological clock was reset, together with that of the potential newly born agent. In the media and 

adventitia layers, which were assumed not to be involved in the restenosis process, baseline cell 

mitosis/apoptosis and ECM production/degradation probabilities were defined as in (Corti et al., 

2020). In the intima, the biomechanical post-intervention inputs Dinput and WSSinput influenced 

the agent-specific cell mitosis and ECM production, while cell apoptosis and ECM degradation 

were maintained at their baseline values. Thus, the set of agent dynamics probabilities was defined 

as follows: 

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖: 

⎩
⎪
⎨

⎪
⎧ 𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

ℎ =  𝛼𝛼1 + 𝛼𝛼2𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ+ 𝛼𝛼3𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ 
𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
ℎ =  𝛼𝛼1  

𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
ℎ =  𝛼𝛼4 + 𝛼𝛼5𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ+ 𝛼𝛼6𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ

𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
ℎ =  𝛼𝛼4/𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖

                                                                                    

                                  (6) 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛: �
𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
ℎ =  𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

ℎ =  𝛼𝛼1
𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
ℎ =  𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚/𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

ℎ =  𝛼𝛼4
                                (7) 

where 𝛼𝛼1=0.05 and 𝛼𝛼4=0.008 were previously set (Corti et al., 2020) and 𝛼𝛼2=0.06, 𝛼𝛼3=0.65, 

𝛼𝛼5=0.019, 𝛼𝛼6=0.25, 𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖=1.55, 𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚=1.55 and 𝛽𝛽𝑎𝑎𝑎𝑎𝑎𝑎=2.5. The ABM parameter values introduced in 

Eqs. 4-7 were either derived from previous works (Corti et al., 2022, 2020, 2019) or tuned to obtain 

a degree of restenosis coherent with clinical studies in human femoral arteries (Wyttenbach et al., 

2004), reporting a lumen area loss of about 25% at 3-month as compared to the condition 

immediately after PTA. Furthermore, the determined parameter values guaranteed a final intimal 

ECM/SMC ratio (normalized on the initial value) falling in the range [0.5 1.5], according to the 

hypothesis that no extreme changes over time occur in the intimal ECM/SMC ratio within the first 

post-operative months (Chung et al., 2002; Kearney et al., 1997; Strauss et al., 1992). To this aim, 
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to compensate the biased ECM production over cell proliferation, which is due to the higher 

baseline ECM content with respect to the cellular one, the values of the parameters related to the 

cellular dynamics were set to be higher than those related to the ECM dynamics. Finally, the 𝛽𝛽 

coefficients were introduced and calibrated to guarantee the maintenance of ECM content under 

baseline conditions (Corti et al., 2020).  

As extensively described in (Corti et al., 2020), agent generation (in case of cell mitosis or 

ECM production) and agent removal (in case of cell apoptosis or ECM degradation) was inward-

oriented in the intima, or outward-oriented in media and adventitia. Briefly, the inward oriented 

dynamics (referred to the intima layer only) implies that the production of new agents determines 

intimal growth with subsequent lumen narrowing, while agent degradation leads to arterial wall 

thinning by increasing the lumen area. Conversely, the outward oriented agent dynamics (referred 

to the media and adventitia layers) implies that the production of new elements determines tissue 

growth with external diameter enlargement, without lumen narrowing), while element degradation 

leads to arterial wall thinning by reducing the external diameter and preserving the lumen area. 

Finally, to maintain smooth and regular contours, the following regularization steps were 

performed: (i) contact maximization for border agents, (ii) preservation of the original internal 

elastic lamina, and (iii) circular approximation (with current average radius) of the external elastic 

lamina and the external border.  

Due to the stochastic ABM nature, 3 repetitions were run for each simulation (i.e., each 

cross-section). Accordingly, at the end of the 3 repetitions, the output minimizing the root mean 

square deviation of the lumen contour from the average one was selected for each cross-section 

(Corti et al., 2022, 2020). The follow-up arterial lumen surface was then reconstructed by smoothly 

connecting the lumen contours of the ABM cross-sections. 

 

2.2. ABM testing: 2D idealized scenarios   
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Before applying the developed multiscale framework of restenosis, the working mechanisms 

of the 2D ABM of arterial wall remodeling described in Section 2.1.4 were verified by performing 

2D ABM simulations on a single cross-section (cross-section 1 of Fig. 3) of the 3D SFA geometry, 

considering idealized scenarios characterized by artificially-generated Dinput and WSSinput. 

Specifically, 11 scenarios (detailed in Table 6) were generated from the combination of the damage 

and WSS input stimuli shown in Fig. 6. In the scenarios 1-5, only one biomechanical input, either 

Dinput or WSSinput, was considered. In the scenarios 6-11, combined inputs were considered. 

Three conditions of Dinput were generated (Fig. 6), by defining: (i) a symmetric, uniformly 

distributed damage equal to 0.5 (chosen as representative of a mid-level of damage), (ii) a non-

symmetric, localized damage at the bottom-left portion of the cross-section, reaching a peak of 1, 

and (iii) a non-symmetric, localized damage at the top-right portion of the cross-section, reaching a 

peak of 1. Similarly, 2 conditions of WSSinput were generated through the definition of: (i) a 

uniform WSS equal to 0.4 Pa (computed considering a Poiseuille flow), and (ii) a non-symmetric 

WSS with low WSS (WSS<0.4 Pa) localized at the top-right portion of the cross-section (Fig. 6). 

For each scenario, the 1-month follow-up was analyzed by running 3 repeated simulations.  

 

Table 6. Idealized scenarios of damage- and wall shear stress-based inputs 

Scenario  1 2 3 4 5 6 7 8 9 10 11 

Damage Abs Abs S NS-L NS-R S NS-L NS-R S NS-L NS-R 

WSS S NS Abs Abs Abs S S S NS NS NS 

Abs: absent; S: symmetric; NS: non-symmetric; NS-L: non-symmetric left; NS-R: non-symmetric 
right 
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Figure 6. Damage and wall shear stress (WSS) input stimuli imposed to generate the 11 idealized scenarios. At the top, 

the three damage conditions: symmetric (S), non-symmetric left (NS-L) and non-symmetric right (NS-R). At the bottom 

the two WSS conditions: symmetric (S) and non-symmetric (NS).  

 

3. Results  

3.1. 2D ABM simulations under idealized scenarios  

Figures 7 and 8 show the 1-month evolution (day 0, 10, 20, 30) of the ABM plane 1 for the 

single-input scenarios (1-5 in Table 6) and the combined-input scenarios (6-11 in Table 6), 

respectively. Figure 9 illustrates the corresponding normalized lumen area over time. In line with 

the expectations: (i) a greater intima thickening was observed in correspondence of low WSS or 
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high damage values, (ii) uniform intima distribution was generated under symmetric-input 

scenarios, while focal, non-symmetric intima growth was obtained under non-symmetric-input 

scenarios, and (iii) output configurations resulting from combined-input scenarios presented a 

superimposition of the effects of the single inputs. The temporal trends of the lumen area related to 

the single-input scenarios (1-5 in Table 6) exhibited the following two distinct behaviors associated 

with the input types (Fig. 9A): (i) linear lumen area decrease due to the constant WSSinput 

(scenarios 1-2) and (ii) 4-phase lumen area dynamics due to the time-varying Dinput (scenarios 3-

5), consisting in maintenance until day 3 (silent Dinput), abrupt decrease from day 3 (Dinput 

activation), decrease attenuation around day 8 (Dinput decay), and stabilization after about day 20 

(decrease in slope of Dinput). The temporal trends of the lumen area related to the combined-input 

scenarios (6-11 in Table 6) presented a 4-phase lumen area dynamics (Fig. 9B). The presence of 4 

phases was associated to the time-varying Dinput. However, WSSinput contributed to the temporal 

trends of lumen area, by determining, for example, a linear lumen area decrease in phases 1 and 4, 

instead of the constant behaviors observed in Fig. 9A (scenarios 3-5). In all cases, the normalized 

intimal ECM/SMC ratio lied within the admissible range (Supplementary Fig. S2). The ABM 

repeatability was confirmed by the small interquartile range (Fig. 9) and the high similarity of the 1-

month outputs resulting from the 3 repetitions of each scenario (Supplementary Figs. S3-S4). The 

overall results verified the ABM, by providing a consistency check with the governing hypotheses 

and working mechanisms. 
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Figure 7. Temporal evolution of the agent-based model (ABM) simulations under the idealized scenarios 1-5, along 1 

simulated month (day 0, day 10, day 20 and day 30). For each ABM plane, the results were retrieved from 1 out of 3 

ABM simulations, namely the one presenting the lumen configuration minimizing the root mean square deviation, as 

detailed in Section 2.1.4. 

 

https://doi.org/10.1016/j.compbiomed.2022.105753


 Accepted manuscript at https://doi.org/10.1016/j.compbiomed.2022.105753   

25 
 

 

Figure 8. Temporal evolution of the agent-based model (ABM) simulations under the idealized scenarios 6-11, along 1 

simulated month (day 0, day 10, day 20 and day 30). For each ABM plane, the results were retrieved from 1 out of 3 

ABM simulations, namely the one presenting the lumen configuration minimizing the root mean square deviation, as 

detailed in Section 2.1.4 
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Figure 9. A) Normalized lumen area over time of the agent-based model (ABM) simulations under the idealized 

scenarios 1-5, along 1 simulated month. B) Normalized lumen area over time of the ABM simulations under the 

idealized scenarios 6-11, along 1 simulated month. The results of panels A and B represent the median and interquartile 

range (IQR) obtained from 3 ABM simulations of each scenario.   

 

3.2. 3D idealized SFA model: 3-month restenosis simulation 

The virtual PTA procedure performed in the diseased SFA model allowed obtaining a lumen 

area increase of ~25% in the treated portion, compared to the pressurized vessel configuration (Fig. 
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10A). After the procedure, a residual stenosis of ~35% was still present at the most stenotic plane 

(plane 10, Fig. 10A). The PTA procedure (Supplementary Video V1) induced a mild damage, 

mainly localized in the intima layer on the plaque side, with maximum values ~0.35 in the most 

stenotic plane (plane 10, Fig. 10B). The post-PTA vessel lumen geometry (Fig. 11A, day 0) was 

extracted and used to perform the CFD simulation. The WSS computed in the post-PTA vessel 

lumen configuration are shown in Fig. 11A (day 0). Except for the atherosclerotic region, the post-

PTA vessel lumen geometry presented WSS lower than 1 Pa, with very low WSS (<0.1 Pa) 

downstream from the plaque.  

Both the PTA-induced damage (Fig. 10B) and the WSS profile at time 0 (Fig. 11A, day 0) 

were used to drive the 1-month arterial wall remodeling computed by the ABM. As explained in 

Section 2.1.4, at the monthly coupling times (i.e., at 1- and 2-month follow-ups) the vessel lumen 

geometry was reconstructed from the ABM outputs, the WSS was re-computed in the current 

geometry and the ABM re-initialized with the updated hemodynamic input. Figure 11A (months 1, 

2 and 3) depicts the reconstructed ABM-derived lumen surface at 1-, 2- and 3-month follow-ups 

with the corresponding WSS profile.  
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Figure 10. Results of the percutaneous transluminal angioplasty (PTA) simulation. A) Superimposed initial and 

deformed configurations. B) Damage map computed within the PTA module.  
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Figure 11. A) Lumen surface and wall shear stress (WSS) contour at day 0, month 1, month 2 and month 3. The lumen 

surface at day 0 was extracted from the deformed configuration computed by the percutaneous transluminal angioplasty 

(PTA) module. The lumen surface at month 1, month 2 and month 3 was reconstructed from the agent-based model 

outputs, as detailed in Section 2.1.4. B) Boxplots of the lumen area of the three-dimensional geometry immediately after 

the intervention (0), at month 1, month 2 and month 3. The lumen area was computed by considering 1 mm axially-

spaced vessel cross-sections. Kruskal-Wallis test with multiple comparison was used to compare the 3 groups. * p-value 

< 0.05 (p-value correction through Tukey-Kramer method). 

https://doi.org/10.1016/j.compbiomed.2022.105753


 Accepted manuscript at https://doi.org/10.1016/j.compbiomed.2022.105753   

30 
 

  

The temporal evolution of 7 explanatory ABM planes (i.e., plane 5 in the proximal region, 

planes 9, 10 and 11 in the atherosclerotic region and planes 13, 15 and 17 in the distal region) at day 

0 and at 1-, 2- and 3-month follow-ups are shown in Fig. 12 and Supplementary Video V2. The 

displayed ABM monthly output of each plane corresponded to the one selected (among the 3 

repeated simulations) at the monthly coupling time. For the sake of completeness, the outputs of 3 

repeated simulations at the monthly coupling time are illustrated in Supplementary Fig. S5 (planes 

5, 9, 10, 11, 13, 15 and 17). Figure 13 depicts, for the 7 explanatory planes, the temporal trends of 

the normalized lumen, intima, media and adventitia areas, intimal SMC and ECM content, and 

normalized intimal ECM/SMC ratio, resulting from the 3 repeated ABM simulations. The 7 planes 

experienced different degree and distribution of intimal growth and remodeling (and subsequent 

lumen narrowing), coherently with the different biomechanical stimuli (Figs. 12-13). Specifically, 

in the proximal region, plane 5, exposed to uniform WSS (~0.4 Pa) and null damage, underwent a 

~20% uniform lumen area reduction. In the atherosclerotic region, plane 9, exposed to a WSS > 1 

Pa and low damage level, underwent a ~10% lumen area reduction, and planes 10 and 11, exposed 

to a WSS > 1 Pa and mild damage level, underwent a ~25% lumen area reduction. In said planes a 

greater intimal growth was observed at the plaque side, corresponding to the mostly damaged 

location.  In the distal region, planes 13, 15 and 17, exposed to low WSS and no damage, underwent 

a lumen area reduction of ~ 40%, 50% and 35%, respectively, with accentuated intimal growth at 

the low-WSS locations in planes 13 and 15 and uniform intimal distribution in plane 17. As 

evincible from the ABM outputs (Figs. 12-13) and from the lumen surfaces reconstructed at the 3 

follow-up time points (Fig. 11A, months 1, 2 and 3), the region downstream the atherosclerotic 

lesion experienced a substantial arterial wall remodeling with critical focal lumen area reduction.  

While planes 9, 10 and 11 exhibited the 4-phase temporal dynamics (Fig. 13) associated 

with the Dinput, planes 5, 13, 15 and 17 presented the linear dynamics associated with the 

WSSinput, with slope changes at the coupling times (months 1, 2), due to the hemodynamics update 
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in the monthly reconstructed geometry (Fig. 11A). To this regard, the mutual interaction between 

arterial wall remodeling and hemodynamics was well captured by the model. As emerged from Fig. 

11A and from the lumen area trend of Fig. 13, the initial (i.e., immediately after PTA) low-WSS 

region downstream the atherosclerotic region (around plane 13) underwent a hemodynamic-driven 

lumen area reduction in the first 2-months follow-up, leading to a progressive increase of the WSS, 

which slowed down the restenosis process. Consequently, at month 2, the low WSS region 

translated distally (toward plane 15), speeding up the restenosis process and provoking the 3-month 

focal ~50% restenosis (dashed box, Figure 11A, month 3). Overall, these results highlighted the 

importance of the hemodynamics update in the simulation of the remodeling process, allowing 

capturing the mutual interaction between hemodynamics and arterial lumen remodeling.   

As expected, the intima was the only layer involved in the restenosis process, undergoing up 

to 3-fold area growth (planes 13, 15 and 17), while the media and adventitia preserved their initial 

areas (Fig. 13). Moreover, although planes 9, 10 and 11 underwent a non-negligible lumen area 

decrease (similar to that of plane 5) due to intimal growth, the normalized intima area evolution of 

said planes was substantially different from that of the other planes (Fig. 13). This was mainly 

attributable to the greater initial intimal area of planes 9, 10 and 11 (in the atherosclerotic region) 

compared to all the others. For all the planes, both the ECM and SMC agents contributed to the 

intimal growth and the normalized intimal EMC/SMC ratio over time remained within the desired 

range [0.5 1.5] throughout the entire simulation time. Finally, the repeatability of the model was 

evincible from the small interquartile range (Fig. 13) and the high similarity of the outputs resulting 

from the 3 repetitions of each plane (Supplementary Fig. S5). Similar considerations held for all the 

considered 19 planes.  

The multiscale framework simulated a median 27% restenosis at 3-month follow-up, with a 

progressive lumen area reduction, from an initial median lumen area of 35.8 [34.8 – 36.1] mm2 to a 

final median lumen area of 26.1 [21.9 – 28.5] mm2 (Fig. 11B). The median lumen area was 

computed as by considering 1 mm axially-spaced vessel cross-sections. Moreover, the greatest 
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lumen area reduction was observed at 1-month follow-up with respect to the post-PTA condition 

(p<0.05), while not-significant lumen area reduction was found in the following months. Finally, 

the simulated lumen area presented an increased dispersion over time. Overall, the multiscale model 

successfully captured relevant features of the post-operative arterial wall remodeling, providing a 

good replication of the lumen area trend along the first 3 post-operative months.     
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Figure 12. Temporal evolution of the agent-based models (ABM) of 7 explanatory planes (planes 5, 9, 10, 11, 13, 15 

and 17) along 3 simulated months. For each ABM plane, the monthly output was retrieved from 1 out of 3 ABM 

simulations, namely the one presenting the lumen configuration minimizing the root mean square deviation, as detailed 

in Section 2.1.4. 
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Figure 13. The temporal trends for planes 5, 9, 10, 11, 13, 15 and 17 of the normalized lumen area, the normalized area 

of the intima (solid line), media (dashed line) and adventitia (dotted line) layers, the normalized intimal content of 

smooth muscle cells (SMC) (solid line) and extracellular matrix (ECM) (dashed line) and the normalized intimal 

ECM/SMC ratio (ECM/SMCratio_int) are shown along 3 simulated months.  The median and interquartile range (IQR) 

obtained from 3 ABM simulations for each plane are shown.   

 

4. Discussion 

In this study, a novel multiscale agent-based modeling framework of restenosis at cell-tissue 

scale, replicating mechanobiological processes after PTA procedure, namely the early 

inflammatory-driven cellular activation due to the PTA-induced wall damage (Dinput) (Stefano et 

al., 2013) and the long-lasting hemodynamic-driven (WSSinput) arterial wall remodeling (Koskinas 

et al., 2012), was proposed. The framework was able to capture clinically relevant features of the 

lumen area median trend and dispersion over time following PTA, thus suggesting the potential 
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validity of the underlying hypotheses and of the model formulation. To this regard, this study 

further confirms that multiscale agent-based modeling frameworks, coupling continuum- with 

agent-based models within a systems biology approach, constitute a valid choice for capturing the 

complex, multiscale and multifactorial network of the underlying mechanobiological events 

involved in the arterial adaptation processes (Corti et al., 2021).  

To date, several multiscale agent-based modeling framework of arterial wall remodeling 

following endovascular procedures (mainly focused on in-stent restenosis process) have been 

developed to investigate the effects of intervention-induced damage and/or hemodynamic 

disturbance on the subsequent cellular activities (Corti et al., 2021). Hoekstra’s research group 

implemented a multiscale framework of in-stent restenosis in which the stent deployment procedure 

was simulated through an ABM that, through cell adhesion/repulsion rules, computed the structural 

equilibrium and the resulting post-stenting configuration and state of stress (Caiazzo et al., 2011; 

Tahir et al., 2014, 2013, 2011; Zun et al., 2019, 2017). To account for the intervention-induced 

damage, complete endothelial denudation was assumed, and a criterion was adopted according to 

which overstressed agents were removed. Following the stent-deployment module, the framework 

integrated a hemodynamics module (based on Lattice-Boltzmann method) and a tissue remodeling 

module (ABM) to capture the hemodynamic-driven arterial wall remodeling. Another stream of 

work (Boyle et al., 2011, 2010; Li et al., 2019; Nolan and Lally, 2018; Zahedmanesh et al., 2014) 

focused exclusively on the damage-induced in-stent restenosis and implemented a multiscale finite 

element (structural mechanics) – ABM framework in which the damage was computed as function 

of the von Mises stress resulting from the structural mechanics simulation of stent deployment 

(solved through the finite element method). Specifically, two damage model formulations were 

proposed, namely an instantaneous model (the damage was triggered at the injury time) and a cyclic 

damage model (the damage cumulated along the loading cycles). The resulting damage variable 

activated an inflammatory response, modeled through a set of ordinary differential equations 

describing the temporal evolution of growth and matrix degrading factors, which in turn constituted 
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the inputs for the ABM-simulated cellular activities. As compared to the studies of Hoekstra’s 

research group (Caiazzo et al., 2011; Tahir et al., 2014, 2013, 2011; Zun et al., 2019, 2017), in these 

latter works (Boyle et al., 2011, 2010; Li et al., 2019; Nolan and Lally, 2018; Zahedmanesh et al., 

2014) the effects of the hemodynamic disturbance on cellular activity were neglected, but a more 

reliable simulation of the stent-deployment procedure was performed (structural mechanics 

simulation vs. agent-based modeling approach) and more sophisticated damage and inflammatory 

models were proposed.  

Overall, the previously described multiscale frameworks of arterial wall remodeling after 

stenting (Boyle et al., 2011, 2010; Caiazzo et al., 2011; Li et al., 2019; Nolan and Lally, 2018; Tahir 

et al., 2014, 2013, 2011; Zahedmanesh et al., 2014; Zun et al., 2017, 2019) were mainly focused on 

either the effects of damage or the hemodynamics on in-stent restenosis. Instead, to the authors’ 

knowledge, the present study proposes the first multiscale agent-based modeling framework 

integrating: (i) a structural mechanics simulation of PTA in a diseased artery model, providing the 

post-intervention artery geometry and quantifying the arterial wall damage, and (ii) CFD 

simulations for computing the post-intervention hemodynamics with (iii) an ABM of arterial wall 

remodeling. Within the framework, each modeling tool was adopted for the purpose it was most 

suitable for, thus ensuring the optimization of the computational strategy. Although different, the 

damage formulation here implemented shared similar hypotheses with the instantaneous damage 

model proposed in (Nolan and Lally, 2018; Zahedmanesh et al., 2014). Indeed, the damage induced 

during the PTA was assumed as the major trigger of the early inflammatory response driving the 

cellular activation and the short-term arterial wall remodeling (i.e., within 1 post-operative month) 

(Stefano et al., 2013). Moreover, the cyclic coupling between the hemodynamics and the tissue 

remodeling modules allowed incorporating the long-term hemodynamic-driven arterial wall 

remodeling, similarly to the works of Hoekstra’s research group (Caiazzo et al., 2011; Tahir et al., 

2014, 2013, 2011; Zun et al., 2019, 2017). Compared to the previously proposed studies (Boyle et 

al., 2011, 2010; Caiazzo et al., 2011; Li et al., 2019; Nolan and Lally, 2018; Tahir et al., 2014, 
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2013, 2011; Zahedmanesh et al., 2014; Zun et al., 2017, 2019), this was the first time in which the 

multiscale model of restenosis was applied to a diseased artery model. The application of the 

framework to a diseased instead of healthy model (although idealized) constitutes a more realistic 

condition and offers the possibility to investigate the arterial wall response under different 

scenarios, for instance by modifying the plaque material (e.g., lipid, fibrous, or calcium).    

The developed framework simulated the restenosis process following PTA procedure, 

capturing features that reflected clinical evidence. The simulated 27% lumen area reduction at 3-

month follow-up (Figs. 11-13) was in accordance with the 3-month 25% lumen area loss in 

femoropopliteal arteries treated with PTA (Wyttenbach et al., 2004). The first post-operative month 

was characterized by the greatest lumen area reduction, while the overall growth process slowed 

down in the following months (Figs. 11-13), with the exception of a focal ~50% restenosis observed 

at 3-months follow-up (Fig. 11A, dashed box, and Fig. 13, plane 15). As shown in Fig. 11A (dashed 

box), the location of the focal restenosis was in accordance with evidence of disease progression 

downstream from the initial stenosis, due to the hemodynamic disturbance at this location 

(Koskinas et al., 2012). Moreover, the simulated temporal evolution of the lumen area reduction, as 

well as the increased lumen area dispersion over time reflected previous clinical findings (Colombo 

et al., 2021; Edelman and Rogers, 1998). Indeed, a 3-phase lumen area trend was observed in 

stented SFAs in the first post-operative year, characterized by (i) high lumen area reduction within 

1-month follow-up, (ii) a stabilization phase until 6-months follow-up, and (iii) a potential focal 

lumen area reduction after 6 months (Colombo et al., 2021). Although the restenosis process 

simulated herein presented some discrepancies (mainly associated with the temporal windows, since 

here only 3-months follow-up were simulated) compared to the above-mentioned findings, the 

framework successfully captured the 3 phases characterizing the post-operative lumen area 

evolution, and the presence of focal narrowing.  

Given the promising preliminary results in the idealized model of diseased SFA, future 

efforts must be focused on the model application to patient-specific vessel geometries and on its 
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verification, uncertainty quantification, calibration and validation. In this context, two main 

criticalities can be identified, namely: (i) the availability of proper patient-specific data for both the 

calibration and validation process, and (ii) the computational resources needed to perform an 

adequate number of simulations for the verification, uncertainty quantification, calibration and 

validation processes. As regards the computational demand, the original Matlab ABM code was 

converted to a C code through the Matlab coder toolbox, providing a substantial gain in time (up to 

30 times faster). However, the current framework (with converted ABM code) still takes ~3 days to 

simulate 1 month (ABM and CFD simulations) using in parallel 19 cores (1 for each ABM plane) of 

a computer cluster equipped with quad-core Intel Xeon CPUs E5620 at 2.40 GHz, 24 GB RAM for 

each node, and INFINIBAND Mellanox for the main cluster interconnections. Subsequently, to 

afford the hundreds of simulations needed for the uncertainty and sensitivity analyses as well as for 

calibration, the use of surrogate models may become the only feasible solution, as done for example 

in (Corti et al., 2022; Nikishova et al., 2019; Ye et al., 2021).  

Once properly validated, the framework could be used to gain further insights into the 

pathophysiological mechanisms of restenosis following PTA, by identifying critical factors 

enhancing the restenosis process, like the plaque composition, the balloon expansion pressure, the 

potential residual stenosis and the post-intervention hemodynamics, just to mention a few. Thus, 

application of the methodology to patient-specific cases will constitute a step forward towards the 

emerging personalized medicine, by contributing, through the identification of patient-specific 

disease mechanisms, to the development of tailored therapies. In this scenario, the omics sciences 

are recently receiving great attention, since they potentially allow for the detection of patient-

specific biomarkers of the disease (e.g., genes, proteins), thus improving the disease prediction, 

diagnosis and treatment (Ouzounian et al., 2007). Said biomarkers, besides characterizing the 

patient pathological phenotype, constitute a promising therapeutic target through the development 

of genotype-based drugs (pharmacogenomics and pharmacoproteomics). Subsequently, the 

incorporation of multi-omics data in multiscale agent-based modeling frameworks of restenosis 
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would allow for a deeper understanding of the patient pathological pathways, providing a more 

comprehensive picture of the patient’s disease through a multiscale, multifactorial and systems 

biology approach. Thanks to its modularity, the proposed framework could be enriched with gene-

protein networks. By linking them to the cellular behaviors (e.g., by defining the dependency of 

specific cellular activities on the gene-protein expression level in the agent rules), it would be 

possible to identify gene-protein pathways whose up- or down-regulation may have an impact on 

the intervention outcome.  

The present work is not exempt from limitations. As regards the PTA module, isotropic 

hyperelastic materials were used to model the arterial tissues, and a simple damage model was 

considered. However, the framework enables the use of more sophisticated damage models, 

describing the softening behavior of anisotropic hyperelastic materials under deformation 

(Rodríguez et al., 2006). Within the hemodynamics module, steady-state CFD simulations under the 

assumption of rigid walls were performed. Potentially, unsteady simulations can be performed in 

order to quantify the oscillatory nature of the WSS vector and its multi-directionality (Colombo et 

al., 2021; Hoogendoorn et al., 2020). To the authors’ opinion, the rigid walls assumption is 

reasonable, considering the steady-state nature of the simulation and that the inclusion of wall 

motion was found to not significantly impact the global hemodynamics characteristics both in 

femoral (Kim et al., 2008) and in coronary arteries (Eslami et al., 2020). Regarding the tissue 

remodeling module, the ABM of arterial wall remodeling represents a simplification of the 

biological events involved in the arterial response to the intervention. Only cell mitosis and 

apoptosis and ECM production and degradation were simulated, and their changes according to the 

hemodynamics and damage-related inflammation were considered. In particular, our model 

simulated neointimal hyperplasia and subsequent restenosis as the result of the intervention-induced 

exacerbated synthetic and proliferative activities of SMCs in the intima triggered by hemodynamic 

and inflammatory cues. The inclusion of the underlying signaling pathways (e.g., release of growth 

factors and cytokines) involved in the SMC quiescent-to-synthetic phenotypic switch was beyond 
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the aim of the present study. Consequently, a phenomenological representation of the 

hemodynamic- and damage-induced SMC activation was proposed, which, although simplified, 

allowed to describe some of the main events involved in the process of restenosis. Indeed, synthetic 

SMCs, undergoing increased proliferation and ECM production in the intima, were identified as the 

key player of neointimal hyperplasia and restenosis (Chaabane et al., 2013; Marx et al., 2011). 

Moreover, since in this study SMC proliferation and ECM deposition in the intima were the only 

modeled cellular dynamics involved in the restenosis process, the damage induced during PTA, 

which modulates the resulting inflammatory response, was computed only in the intima layer of the 

diseased portion. SMC media to intima migration was neglected, although it is known to play a 

relevant role (Marx et al., 2011). The process of SMC migration from media to intima could be 

included in the future. However, in view of applying the framework to patient-specific arteries, the 

commonly available patient-specific data (e.g., lumen area, arterial wall thickness) would prevent 

from distinguishing between the contributions of migrating and synthetic SMCs in intimal growth, 

thus making the calibration of the two processes extremely challenging. Accordingly, although 

constituting a simplification, the increase of SMC within the intima, here simulated through the 

perturbation of intimal SMC mitosis, may account also for migrated SMCs, which start proliferating 

in the intima, and SMCs from other sources (e.g., pre-existing intimal SMCs or SMC progenitors 

(Chaabane et al., 2013)). In addition, consistent with the hypothesis that the events driving the 

arterial response to the intervention occur in the intima, SMCs in the media and fibroblasts in the 

adventitia were assumed not to be influenced by the intervention-induced damage (which was 

computed only in the intima layer). The behavior of these cells was described through baseline 

probabilities (i.e., leading to compensation of cell mitosis and apoptosis, and ECM production and 

degradation) resulting in a physiologic arterial wall remodeling. Hence, no distinction was assumed 

in the cellular dynamics of medial SMCs or adventitial fibroblasts. In addition, endothelial cells 

were not explicitly modeled, but a method was implemented to account for the direct and 

endothelial-mediated effects of WSS on SMC dynamics, as also proposed in the works of 
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Hoekstra’s research group though with a different strategy (Tahir et al., 2014, 2013; Zun et al., 

2019, 2017). Last, besides the aforementioned cellular events, additional cell-cell interactions and 

the effect of SMC paracrine signaling, which was found to have a relevant role in the arterial 

response to the intervention (Chaabane et al., 2013; Marx et al., 2011; Ren et al., 2019), could be 

included in the current ABM. Besides the specific limitations of each module, it must be considered 

that the framework was applied only on an idealized SFA anatomy, thus representing a proof-of-

concept study. As previously discussed, future efforts must be focused on patient-specific 

applications and on calibrating and validating the framework. Finally, while the hemodynamics and 

tissue remodeling modules were bi-directionally coupled, the PTA module was run only once to 

simulate the PTA procedure and compute the post-intervention arterial geometry and the 

intervention-induced damage, thus providing the initial condition to the cyclic hemodynamics – 

tissue remodeling sequence. According to the hypotheses of the present work, the inflammatory 

response activated by the intervention-induced trauma, and the altered hemodynamics governed the 

arterial post-intervention remodeling. Thus, the damage induced by balloon expansion, 

corresponding to the maximum state of stress reached during the PTA simulation, was considered to 

modulate the inflammatory response, in turn affecting the ABM cellular activities. Subsequently, 

the ABM dynamics were influenced by the damage-induced inflammation rather than the internal 

state of stress. Further improvements of the framework might be the full coupling of all the 

modules, such that after a predefined coupling time the tissue remodeling module is coupled back, 

not only with the hemodynamics module, but also with a mechanical module, computing the state 

of stress in the deformed, remodeled geometry, as done in (Li et al., 2019). In this scenario, the 

ABM rules should be modified to account for the effect of the internal stress in arterial wall 

remodeling. While a full coupled framework would allow accounting for the mechanical 

equilibrium across all the modules, to the authors’ opinion it would not markedly affect the final 

output. Indeed, a lowering of the internal stresses would be obtained in the remodeled geometry 
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(e.g., after 1 month), thus attenuating the arterial response, as already accounted for by considering 

the inflammatory curve (Fig. 5).  

  

5. Conclusions 

The developed multiscale agent-based modeling framework of restenosis replicated the 3-

months arterial wall remodeling following PTA procedure in an idealized, diseased SFA model, by 

integrating the effects of the PTA-induced arterial wall damage and the post-intervention 

hemodynamics on cellular activity. The framework was able to capture relevant features of the 

arterial response to PTA intervention, including: (i) the increased intimal growth in the regions 

subjected to higher degree of injury and altered hemodynamics, (ii) a 3-month lumen area restenosis 

of ~25%, coherently with clinical observations for the SFA at that follow-up (Wyttenbach et al., 

2004), and (iii) a 3-phase lumen area trend over time (in line with the typical phases of restenosis in 

SFA (Colombo et al., 2021)), resulting from the mutual interaction of the mechanobiological 

processes triggered by the two different inputs (i.e., Dinput and WSSinput). In addition, the 

feasibility of linking different software in an automated computational framework and the 

potentiality of the multifactorial, multiscale and systems biology approach in simulating the 

underlying mechanisms of complex vascular adaptation processes were highlighted. Considering 

the results provided herein, the developed framework lays the foundation towards an in-silico model 

of restenosis, promising to capture the overall lumen area remodeling following endovascular 

interventions in patient-specific scenarios.  
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