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1. Introduction 

Stents are commonly used worldwide for the treatment of atherosclerosis, with over one million 

procedures performed annually in the U.S. alone [0]. The problem of in-stent restenosis occurs post stent 

implantation whereby excessive migration and proliferation of vascular smooth muscle cells (VSMCs) 

decreases lumen cross-sectional area [2]. There is a strong correlation between the degree of stent arterial 

injury, and the resultant decrease in lumen area [2,3]. Therefore stent designs must strive to induce as 

little injury to the artery as possible. The advent of drug eluting stents has decreased cases of in-stent 

restenosis [4], however the optimum stent design still remains an open question [3,4,5].  

 In order to improve stent designs and minimise in-stent restenosis, it is critical to obtain a 

thorough understanding of the mechanobiology of arterial tissue, i.e. how arterial tissue responds to 

changes in mechanical state. After stent deployment, quiescent, contractile VSMCs are believed to 

change their phenotype to proliferative, synthetic VSMCs. These synthetic cells migrate to the lumen 

and form a restenotic lesion [3,6]. Damage to the surrounding extracellular matrix (ECM) has been 

shown to effect changes on VSMC phenotype and activation [7]. Matrix-degrading metalloproteinases 

(MMPs) degrade collagen in the ECM and have also been shown to regulate VSMC behaviour [8]. 

Variations in mechanical strain, which occur in stenting, can upregulate MMPs and lead to degradation 

of ECM [9]. Hence there is a complex, dynamic relationship between the mechanical environment 

caused by stenting, and the response of arterial tissue and its constituent VSMCs.  

This paper presents an in silico mechanobiological model of in-stent restenosis. Whilst stent 

induced vascular injury has been extensively identified as the predominant stimulus for subsequent 

synthetic VSMC proliferation and restenotic neo-intimal growth [6], the specific mechanical stimulus 

analogous to this vascular injury has remained in question. In fact, mechanobiological models driven by 

different mechanical stimuli, such as von Mises stress [10] and cyclic damage accumulation [10], have 

been shown to successfully capture the key characteristics of restenosis post-stenting.  

The specific aim of this work is therefore to directly compare these different damage models 

with a view to gaining greater insights into the mechanism of injury within stented vessels and the key 

role this plays in the progression of in-stent restenosis.  
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2. Materials and Methods 

A coupled simulation environment is developed consisting of two primary components, namely (i) a 

continuum mechanical model solved using finite element (FE) analysis and (ii) an agent-based model 

(ABM) which explicitly models the behaviour of VSMCs and endothelial cells (EC) in the artery wall. 

In both components, a quarter symmetry idealised geometry of an artery is modelled. The FE model is 

used to determine the deformation and stresses in a vessel wall under a prescribed loading whilst the 

ABM simulates VSMC and EC behaviours such as phenotype change, migration and proliferation.  

 Two approaches are used to model how mechanical damage affects the behaviour of the ECM 

and the VSMCs; a stress magnitude approach (Model A), and a cyclic stress approach (Model B). The 

performance of these two models is assessed through the simulation of two common vascular 

interventions; initially a balloon angioplasty procedure is used to calibrate the damage – ECM dynamics, 

and subsequently each of the calibrated models are used to simulate stent deployment.  

2.1 Continuum Mechanical Model 

An FE model of a 2D quarter coronary artery is created, with the appropriate symmetry boundary 

conditions. An internal pressure is applied, corresponding to physiological pressures. Both media and 

adventitial layers are modelled discretely using a non-linear hyperelastic Ogden constitutive model, with 

a media to adventitia thickness ratio of 1.67 [10]. For details of the precise geometry and material 

parameters refer to [10].  

2.2 Agent Based Model of Cell Activity 

An ABM framework inspired by [12] is developed in Matlab (R2015b, Natick, MA). Cells are explicitly 

modelled as contact inhibited spheres/circles. VSMCs are seeded randomly within the artery wall at a 

density of 950 cells/mm2 [13] and may proliferate into an available space upon meeting the criteria 

outlined below. Each VSMC has its own unique set of cell variables: damage 𝐷, MMP-2 concentration 

𝑀, ECM density 𝐸. An EC monolayer may be added to the lumen surface. The ABM operates in the 

deformed configuration through importation of nodal displacements from the FE model. The von Mises 

stress in each VSMC is interpolated from the FE model and used to determine cell damage. Damage 

causes an upregulation of MMP-2, which decreases ECM density, leading to a change in VSMC 

phenotype causing cell proliferation. In this work two models which dictate how mechanical damage 

affects VSMC behaviour are investigated. The models are based on coupled ordinary differential 

equations, which are outlined in Table 1.  
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Table 1: System of coupled ordinary differential equations which determine the response of VSMCs to von Mises 

stress 𝜎𝑣𝑚𝑠 for both Model A, based on instantaneous damage, and Model B, based on cyclic damage. The 

equations prescribe the behaviour for the variables: damage 𝐷, MMP-2 concentration 𝑀, ECM density 𝐸, VSMC 

phenotype 𝜙, growth stimulus 𝐺, and probability of a VSMC doubling 𝑃𝑝𝑟𝑜𝑙𝑖𝑓 . Equation constants assume the 

format 𝑘𝑎
𝑏 where the subscript indicates whether the term causes generation or degradation and the superscript 

indicates the corresponding variable. Functions 𝑓(𝐷) and 𝑔(𝜎𝑣𝑚𝑠) are outlined in [10] and ℎ(𝜎𝑣𝑚𝑠) in [10].  

2.2.1 Model A: Instantaneous Damage 

In this case VSMC damage 𝐷 is determined using a sigmoid function of von Mises stress magnitude 

(𝑔(𝜎𝑣𝑚𝑠)) which goes from 0 to 1 [10]. Cell phenotype is binary, VSMCs transition from contractile to 

synthetic when their ECM density falls below 310 pg/cell [15]. Only synthetic VSMCs may proliferate 

where the probability of doubling is controlled using a normal cumulative distribution which must be 

calibrated. In this model, proximity to ECs changes VSMC phenotype to a contractile state [16]. 

2.2.1 Model B: Cyclic Damage 

In the cyclic damage model, Miner’s Rule (ℎ(𝜎𝑣𝑚𝑠)) is used to calculate damage accumulation in the 

tissue over time [10]. A damage rate �̇� is computed for each VSMC based on its von Mises stress. 

Damage increases at this rate for every loading cycle 𝑁 (assumed at 1 Hz here). An endurance limit of 

90 kPa is assumed, below which no damage occurs [10]. In addition to MMP-2 and ECM variables this 

model has a continuous cell phenotype variable 𝜙 (from contractile to synthetic, 0 to 1), and a growth 

stimulus variable 𝐺. Cell proliferation is controlled by these variables, and the larger the growth stimulus 

and more synthetic the phenotype, the higher the probability of VSMC doubling. 
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Figure 1: A) Resultant stenosis computed by the balloon angioplasty simulation at 350 days. The black outline 

indicates the artery wall in the initial configuration and red circles indicate the individual VSMCs. Similar stenosis 

patterns are computed using Models A and B. B) Plot of lumen area loss over time determined using Models A 

and B, compared to the experimentally observed lumen loss presented in Schwartz et al.[6] The balloon angioplasty 

simulation is used to calibrate the constants for the damage – ECM dynamic equations, see Table 1. C) Histological 

image from [17] of restenosis post balloon angioplasty. 

2.3 Simulations 

Simulations of balloon angioplasty were performed to calibrate the constants for the equations in Table 

1. The internal radius of the artery is expanded to 1.4 times its original size and then returned to 

physiological pressure. The supra-physiological loading causes damage and induces restenosis. It is 

assumed that the balloon has denuded the lumen of ECs. Predictions are compared to the clinically 

measured lumen area loss reported in [13].  

The calibrated models are then used to predict in-stent restenosis. A square rigid body 

representing a stent strut is deployed into the artery wall up to a lumen expansion ratio of 1.2. The 

simulations using Model A include an EC layer which is assumed to be partially denuded initially. In 

accordance with [10] simulations using Model B did not include ECs. 

3. Results 

Fig. 1A shows the setup of the simulations and the result of the balloon angioplasty simulation. VSMCs 

originally in the media have proliferated into the lumen causing restenosis. Fig. 1B shows lumen area 

loss with time for both Model A and B alongside the experimental data from [13]. The initial rate of 

lumen loss is determined strongly by the mean doubling time 𝜇𝐷𝑇 for Model A and 𝑘𝑔𝑒𝑛
𝐺  and 𝑘𝑑𝑒𝑔

𝐺  for 

Model B. Fig. 2A shows a plot of ECM density change over time for a range of values of initial damage. 

Recalling that ECM density controls cell phenotype and proliferation in Model A, these curves 

determine the time at which lumen area loss begins to plateau. Likewise, Fig. 2B plots the probability 

of VSMC proliferation with time for a range of initial damage values. The time at which this curve 

reaches its peak will determine the plateau in lumen loss for Model B. 
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Figure 2: A) Plot of normalized ECM density per cell over time for a range of initial values of damage, 𝐷0, for 

Model A. VSMC phenotype is switched from synthetic to contractile as the ECM transitions from below, to greater 

than one. Hence this behaviour determines the duration that VSMCs are synthetic and proliferative. B) Probability 

of VSMCs doubling, 𝑃𝐷𝑇 , for Model B for a range of intial damage values. In this case the duration of cell 

proliferation is defined by this curve, as the probability of doubling approaches zero. 

Results of the stent simulation using Model A are shown in Fig. 3A. There is proliferation of 

VSMCs around the stent strut where the ECs are initially denuded, this is accompanied by re-

endothelialisation of the lumen at 125 days which prevents further proliferation of VSMCs. After 

deployment of the stent strut, the mean stress in the artery is now above the endurance limit. Hence in 

Model B there is substantial VSMC proliferation as damage is constantly accumulating (Fig. 3B). At 

125 days the Model B predicts that the vessel will be totally occluded. 

4. Discussion and Conclusions 

The stent simulation using Model A results in predictions of in-stent restenosis patterns similar to those 

observed clinically and over a similar timeframe [6] (Fig. 3C). The inhomogeneous stress distribution 

and high mean stress causes Model B to overpredict lumen loss, as there is no stimulus to halt cell 

proliferation. Though the presence of ECs in Model A aids in the control of VSMC proliferation, the 

VSMCs will cease to proliferate with time (recall Fig. 2A).  

Though the simulations can successfully predict in-stent restenosis, there are limitations to the 

models. The coupled equations controlling the VSMCs are phenomenological and sensitive to their 

constants. Future models will incorporate more mechanistic damage – ECM dynamics supported by 

experimental data. The current framework is also 2D and not fully coupled; as new geometry is 

computed by the ABM, the FE model should be re-run with this updated geometry. 
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Figure 3: A) Response computed at 125 days by the mechanobiological model for simulation of stent deployment 

using Model A for the damage – ECM dynamics. Note the presence of ECs which cause VSMCs to become 

contractile when they come within a range of 60 𝜇𝑚. B) Response at 21 days of the mechanobiological model 

using Model B for the damage – ECM dynamics. In this case ECs are not modelled and there is extensive 

proliferation of cells into the lumen. C) Histological image from [18] of in-stent restenosis and neo-intima.  

 Whilst addressing these limitations in future work, we will also investigate the role of stent strut 

thickness and the number of struts per cross section on subsequent in-stent restenosis as these parameters 

are known to considerably affect load induced damage in the artery [19,20]. Finally, we ultimately wish 

to perform ABM simulations in which collagen fibres are explicitly modelling and can direct cell 

behaviour. This will allow us to fully test the efficacy of different stent designs at preventing restenosis. 
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