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Abstract 

Purpose In-stenting restenosis is one of the major

complications after stenting. Clinical trials of various stent

designs have reported different restenosis rates. However,

quantitative correlation between stent features and restenosis

statistics is scant. In this work, it is hypothesized that stress

concentrations on arterial wall caused artery injury, which

initiates restenosis. The goal is to assess the correlation

between stent-induced arterial stress and strain and the

documented restenosis rates. 

Methods Six commercially available stents, including

balloon-expandable stents and self-expanding stents, were

virtually implanted into the arteries through finite element

method. The resulted peak Von Mises stress, principal stress,

principal logarithm strain, as well as percentage of intimal

area with abnormal higher stress were monitored. 

Results Positive correlation between arterial stress and strain

after stent implantations and the documented restenosis rates

from the corresponding clinical trials was found regardless

of stent types. No statistical significant difference was

observed for various stress or strain parameters serving as

indicators of artery injury. 

Conclusions In-stent restenosis are less likely to occur as

arterial mechanics are least altered by stent implantations.

Optimization of stent designs to minimize the stent-induced

arterial stresses and strains can reduce the arterial injury, and

thus reduce the occurrence of restenosis. This work improved

our understanding of the stent-lesion interactions that

regulate arterial mechanics and demonstrated that arterial

stress and strain could predict the risk of in-stent restenosis.
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Finite element

INTRODUCTION

Stents have been used as scaffold to open the occluded

arteries and restore the blood flow. The major drawback

associated with stent implantation is restenosis, i.e. re-

narrowing of the transversal section of the artery. Clinical

trials have reported various restenosis rates on different stent

designs. The vessle with a diameter being less than 3 mm,

the presence of residual stenosis at the end of procedure,

lesion characterization as well as the length of stent were

identified as the predictors of restenosis [1,2]. It has also

been speculated that stent design features contribute to the

inflammatory response and injury on arterial wall which led

to the development of restenosis [3-5]. Recently, Timmins et

al. has compared two stent designs using the porcine model,

and stated that higher arterial stress caused by one stent

design provoke more arterial injury, resulting in the augmented

neointimal thickening [6]. In addition to numerous clinical

studies, computational methods have been widely used to

study the impact of stent deployment on the arterial

mechanics [7-11]. Since the stent-induced arterial stress or

strain is a local parameter integrating the stent design

features with lesion properties, it was associated with the

level of arterial injury, and could serve as a unique

comprehensive index factor for the restenosis. However,

quantitative correlation between stent induced stress or strain

parameters and the documented restenosis is scant. 
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In this study, it is hypothesized that stent-induced stress or

strain on the artery wall could predict the occurrences of

restenosis. Six clinical trials were investigated, and six

corresponding stent designs including balloon-expandable

and self-expanding stents were implanted into stenosed

arteries through finite element (FE) method. Numerical

simulations were used to mimic the stenting procedure and

assess the stress on the arterial wall after stent implantations.

The correlations between mechanical parameters on the

artery wall and the documented restenosis rates were then

quantified.

MATERIALS AND METHODS

Six commercial stents were considered including five balloon-

expandable stents (PS, Express, S670, Multilink Vision and

Driver stent), and one self-expanding stent (GPS carotid

stent). The 3-D finite element models of these stents were

shown in Fig. 1. The physical parameters of these stents

were tabulated in Table 1. The PS, Express, and S670 stents

were made of 316L stainless steel with mechanical properties

defined by Young’s modulus E = 190 GPa, Poisson ratio ν

= 0.3, and Yield stress σY = 207 MPa. The Multilink Vision

and Driver stents were made of L605 Cobalt Chromium

alloy with material parameters as Young’s modulus E = 243

GPa, Poisson ratio ν = 0.3, and Yield stress σY = 500 MPa.

The inelastic behavior of balloon-expandable stents was

assumed as a perfect plasticity material model. The GPS

carotid stent was made of Nitinol, whose non-linear

superelasticity was adopted as a predefined user material to

include the stress induced phase transformation between the

austenite and martensite phases [12].

The PS stent at the disease lesion location just before its

expansion was depicted in Fig. 2. Considering the symmetry

of the whole PS stenting system, only one-half in both

circumferential and axial directions were analyzed. Based on

the clinical trials of balloon-expandable stents, the artery was

generalized as a straight hollow cylinder with length of 26

mm, inner diameter of 3 mm and uniform thickness of 0.75

mm. For the self-expanding GPS stent only, the targeted

carotid artery was averaged with an inner diameter of 9 mm

and thickness of 1 mm. The plaque was generalized as

parabolic profile with length of 13 mm along longitudinal

direction and circular profile with an edge ratio of 2:1 at its

narrowest lumen for all cases. This asymmetric plaque could

lead to a remaining lumen diameter of 30% of the reference

lumen, which is referred to as 70% stenosis, as in the case of

PS stent [13], or 50% for all other cases [14-18]. The

material behaviors of artery and plaque were described using

hyperelastic constitutive models with the non-zero material

coefficients as C10=0.019513 MPa, C03=0.02976 MPa for the

artery; and C10=0.04 MPa, C02=0.003 MPa, C03=0.02976 MPa

for the plaque [19]. The mesh convergence study was

conducted on the finite element model for the PS stenting

system. The element sizes of 0.12 mm for plaque and

0.14 mm for the artery were adopted as the relative error

between meshes is 0.77% in terms of the maximum Von

Table 1. Physical parameters of six stents.

Length
Outer 

diameter
Strut 

thickness

Palmaz-Schatz stent
(Johnson & Johnson)

16 mm 3.0 mm 0.09 mm

Express Stent 
(Boston Scientific)

16 mm 3.0 mm 0.13 mm

S670 stent
(Medtronic)

16.62 mm 3.0 mm 0.13 mm

Multilink Vision stent 
(Guidant)

15.34 mm 3.0 mm 0.08 mm

Driver stent
(Medtronic)

15 mm 3.0 mm 0.09 mm

GPS Carotid stent
(ev3)

20 mm 10 mm 0.22 mm

Fig. 1. Computational models of six stents (from top to bottom):
PS stent, Express stent, S670 stent, Multilink Vision stent, Driver
stent, and GPS carotid stent.

Fig. 2. The three-dimensional finite element model of the PS
stenting system.
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Mises (VM) stress on artery. The artery wall and plaque

were discretized into 18400 and 8910 C3D8RH elements,

respectively.

Non-linear large deformation analyses were performed

using the commercial finite element code-Abaqus (Dassault

Systèmes Simulia Corp., Providence, RI, USA). Both ends

of the artery were constrained in the axial direction to mimic

a long artery. No relative sliding was allowed at the interface

between the plaque and artery wall. Uniform displacement

was used to mimic the balloon expansion until the final

diameter of the stent reach 3 mm. For the self-expanding

GPS stent, a uniform displacement was used to crimp it into

a sheath, and then the stent expanded automatically after the

sheath slide off. A frictionless finite sliding surface-to-

surface contact between stent and diseased lesion was

assumed. These conditions used to mimic the stenting

procedure have been validated by our previous in-vitro

experiments [8,20].

The correlation between the obtained arterial stress or

strain parameters (data set x) and the documented restenosis

rates (data set y) was quantified by the Pearson correlation

coefficient r as defined as follows: 

(1)

where Cov(x, y) denotes the sample covariance between data

sets x and y, while Sx and Sy represent the standard

deviations of x and y, respectively.
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Fig. 3. The Von Mises stress distributions on arterial wall induced by the implantation of various stents: (a) PS, (b) Express, (c) S670, (d)
Multilink Vision, (e) Driver, and (f) GPS carotid stent.
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mechanical environments of artery wall were dramatically

changed. Fig. 3 showed the stent-induced VM stress

distributions on arterial wall for all six types of stents. The

stress concentration were consistently found on the artery

section contacting with the thinner plaque side, indicating

that the thicker plaque might serve as cushion to alleviate the

arterial stress after stent implantation. The peak VM stresses

on the artery wall are 0.165 MPa, 0.112 MPa, 0.107 MPa,

0.108 MPa, 0.092 MPa and 0.054 MPa for PS, Express,

S670, Multilink Vision, Driver and GPS carotid stent,

respectively. The peak principal logarithm strain (LE), as

shown in Fig. 4, are 0.469, 0.421, 0.413, 0.405, 0.402, and

0.312 for PS, Express, S670, Multilink Vision, Driver and

GPS carotid stent, respectively. It was clearly demonstrated

that different stent designs induced different levels of arterial

stress and strain concentrations. Specifically, the conventional

stainless steel Express and S670 stents induced larger strain

on arterial wall than the cobalt chromium Multilink vision

and Driver stents. This could be explained by the higher

stiffness of cobalt chromium alloy and the corresponding

thinner strut, as listed in Table 1. It is consistent with the

clinical observations on the role of strut thickness [21-23].

The GPS carotid stent induced less arterial stress and strain,

which might be attributed to the lower stiffness of Nitinol, as

demonstrated by Migliavacca et al [19].

The obtained arterial stress or strain parameters, including

the maximum VM stresses, the maximum principal stresses,

the maximum principal LEs, the percentages of intimal area

where the VM stress exceeds 0.06 MPa, along with the

documented restenosis rates from clinical trials, were

summarized in Table 2. The correlation between various

arterial stress or strain parameters and the documented

restenosis rates is quantified as the Pearson correlation

coefficient using Eq. (1), which was listed at the last row of

Table 2. Specifically, a correlation coefficient between the

restenosis rates and the maximum VM stresses was obtained

as 0.979 (p<0.012, 95% confidence interval: 0.814 to 0.998),

which indicates that there is a significant and positive

Fig. 4. The principal logarithm strain distribution on arterial wall induced by the implantation of various stents: (a) PS, (b) Express, (c)
S670, (d) Multilink Vision, (e) Driver, and (f) GPS carotid stent.
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association between the two data sets. This validated our

hypothesis that stress concentrations on arterial wall caused

artery injury, such as the denudation, and abnormal stretch of

the intima, which initiates restenosis [24]. It implies that the

stress concentration could serve as a unique indicator of

arterial injury. A new stent design with minimal alteration of

the arterial stresses could potentially reduce the occurrence

of restenosis.

It is clear that all these stress or strain parameters have

positive correlation with the documented restenosis rates. A

Z-test was conducted to determine whether the injury

indicator of the maximum VM stress is the same as the

indicator of maximum principal LE at the level of α=0.05.

The calculated results indicated that there is no significant

difference between the two correlation coefficients at the

significance level of 0.05. Thus, no statistical significant

difference is obtained for all the listed stress or strain

parameters serving as indicators of artery injury.

CONCLUSIONS

The injury of arterial wall induced by the interaction between

stent and stenosed artery was considered as one of the

important causes for the initiation of restenosis. This work

simulated six clinical trials to quantify the relationship

between stent-induced stress and strain parameters on the

arterial wall and the documented in-stent restenosis rates.

The virtual deployments of six stents including balloon-

expandable and self-expanding stents in stenotic arteries

were used to mimic the corresponding clinical trials. The

correlation between the calculated arterial stress or strain

parameters and the documented restenosis rates were then

quantified. A positive correlation between arterial mechanics

and restenosis rate was observed in this work. This is

consistent with the recent in-vivo observations in porcine

models [6]. It should be noted that the simulation of stent

implantation in this study do not completely reflect all the

attributes of the reported clinical trials. Various stent sizes in

terms of diameter and length with the same unit structure

were used in the clinical trials. Considering that stent is

usually oversized by 5-15% greater than its reference artery,

as well as the same unit configuration, one specific size of

the stent model in this work was justified. The geometry of

the artery and plaque were generalized as the averaged

stenosis level for this comparative study. Advanced

heterogeneous material models, as well as hemodynamic

effect were not adopted, which will change the stress

distribution on the arterial wall. Despite these simplifications,

the present work demonstrated that arterial stress and strain

could serve as a unique index factor to predict the risk of in-

stent restenosis. Furthermore, this work could be used to

improve our understanding of the stent-artery interactions

that regulate arterial mechanics and to optimize stent designs

that could potentially alleviate the arterial injury and thus

reduce the occurrence of restenosis.
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