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Abstract Many clinical studies, including the ISAR-

STEREO trial, have identified stent strut thickness as an

independent predictor of in-stent restenosis where thinner

struts result in lower restenosis than thicker struts. The aim

of this study was to more conclusively identify the

mechanical stimulus for in-stent restenosis using results

from such clinical trials as the ISAR-STEREO trial. The

mechanical environment in arteries stented with thin and

thicker strut stents was investigated using numerical mod-

elling techniques. Finite element models of the stents used

in the ISAR-STEREO clinical trial were developed and the

stents were deployed in idealised stenosed vessel geome-

tries in order to compare the mechanical environment of the

vessel for each stent. The stresses induced within the stented

vessels by these stents were compared to determine the

level of vascular injury caused to the artery by the stents

with different strut thickness. The study found that when

both stents were expanded to achieve the same initial

maximum stent diameter that the thinner strut stent recoiled

to a greater extent resulting in lower luminal gain but also

lower stresses in the vessel wall, which is hypothesised to be

responsible for the lower restenosis outcome. This study

supports the hypothesis that arteries develop restenosis in

response to injury, where high vessel stresses are a good

measure of that injury. This study points to a critical stress

level in arteries, above which an aggressive healing

response leads to in-stent restenosis in stented vessels.

Stents can be designed to reduce stresses in this range in

arteries using preclinical tools such as numerical modelling.
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1 Introduction

The majority of intrasvascular interventions cause a cer-

tain level of injury, and this injury is thought to

significantly contribute to restenosis within arteries.

Comparative studies have shown the benefit of coronary

stenting versus balloon angioplasty alone since stenting

significantly reduces elastic recoil and vascular remodel-

ling [6]. However, excessive neointimal hyperplasia can

occur post-stenting and, as a result, in-stent restenosis

represents a major limitation to stenting procedures. In-

stent restenosis occurs due to an adaptation of the arterial

wall, whereby intima cells begin to proliferate due to the

severity of the injury caused to the arterial wall, often

leading to excessive neointimal hyperplasia re-stenosing

the artery [7].

Two main approaches have been adopted to reduce in-

stent restenosis; (1) optimising the stent design to reduce

vascular injury and hence subsequent neointimal hyper-

plasia [17, 26], and (2) using anti-proliferative drug

eluting stents to inhibit the growth of neointimal hyper-

plasia [8]. The delivery of an anti-proliferative drug to

surrounding tissue is also significantly influenced by the

stent design [11]. Clearly therefore, stent design is a key

indicator of restenosis, whether bare-metal or drug-

eluting.

It is therefore vital to address the issue of the mechanical

stimulus for in-stent restenosis. This information would be

invaluable in terms of minimising the occurrence of

restenosis since it would enable stent designs to be
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optimised to lower this stimulus and also to ensure drug

delivery to the areas most affected. Numerical modelling

can aid in the design of cardiovascular stents and has been

used extensively in recent years to offer design solutions

[1, 9, 14, 15, 18].

In recent years, several clinical trials have identified

stent strut thickness as an independent predictor of reste-

nosis [2, 12, 23]. A clear conclusion from the many clinical

studies on stent strut thickness is that stents with thinner

struts have a lower restenosis rate, consequently, most of

the current generation of stents are produced with thinner

struts using high strength materials such as cobalt–chro-

mium alloys [20].

By looking at the influence of stent strut thickness it

may be possible to identify the stimulus for restenosis and

more conclusively determine suitable biomechanical

design criteria for stents. This may be achieved by inves-

tigating the mechanical cause of the difference in restenosis

outcome for thinner and thicker strut stents using numerical

modelling. The ISAR-STEREO clinical trial focussed on

the influence of stent strut thickness and compared the

restenosis outcome for two stents with the same design but

different strut thickness [12]. In the study presented here,

finite element models of these stents were developed and

the stents were deployed in idealised stenosed vessels in

order to compare the mechanical environment of the vessel

for each stent. The stents were expanded and deployed

within the arteries to scaffold open the stenosed arteries, in

line with that which was carried out in the ISAR-STEREO

trial. Two case studies were investigated to determine the

influence of stent strut thickness on the vessel wall; (1)

both stents were expanded to the same initial maximum

stent diameter and (2) both stents were expanded to achieve

the same final maximum stent diameter taking stent recoil

into consideration. Case study 1 represents the clinical

situation since stents are routinely expanded under fluo-

roscopy to achieve a ratio of 1.1:1 between the stent

diameter and the proximal and distal diameter of the host

vessel [3].

Finite element analyses were carried out to compare the

stresses induced within the stented vessels by these stents,

and hence to evaluate the potential of arterial injury caused

by stents with different strut thickness.

2 Methods

To generate these numerical simulations, the finite element

method requires a number of inputs; the geometry of the

stents and the stenosed coronary arteries, the material

properties of the stents and the artery, and the appro-

priate application of loading and boundary conditions, as

described below.

2.1 Model geometry

The finite element models of the stents were generated and

meshed in ANSYS (Canonsburg, PA, USA) and were

generated based on the stents used in the ISAR STEREO

Trial, namely the ACS RX MultiLink and the ACS Mul-

tiLink RX Duet [12]. Both stents are manufactured by the

same company, namely Guidant/Advanced Cardiovascular

Systems. Both stents have a similar interconnected-ring

design, struts with rectangular cross-sectional areas and a

width of 100 lm but different strut thickness. The strut

thickness of the ACS RX MultiLink (Mlinkthin) is 50 lm

and the strut thickness of the ACS MultiLink RX Duet

(Mlinkthick) is 140 lm. Full three-dimensional models of

the stents were developed to determine the expansion

characteristics of the stents after stent deployment. The

main dimensions of the stents were extrapolated from a

handbook of coronary stents [25]. Both stents are available

in a range of lengths, whilst the length of the stents

investigated in this study was 7.2 mm. For this length, the

MultiLink stents consist of six rings in the longitudinal

direction with six crowns in each ring.

For both stent models, all of the parameters, such as the

length and width were kept constant and the only variation

between the two designs was the thickness of the struts.

Both stents were simulated with an inner radius of

0.72 mm, with a corresponding outer radius of 0.77 mm

for the Mlinkthin and 0.86 mm for the Mlinkthick.

The stents are not symmetrical in the longitudinal

direction, however, symmetry is observed in the circum-

ferential direction. Due to the circumferential symmetry,

only one-third was modelled in the circumferential direc-

tion with the full length in the longitudinal direction. The

stent geometry was initially modelled in three-dimensional

Cartesian coordinate system, representing the stent in an

opened-out, planar configuration. The volumes of Mlinkthin

and Mlinkthick were discretised by means of eight-noded

isoparametric, three-dimensional brick elements. The

models of Mlinkthin and Mlinkthick were meshed with two

and three elements through the thickness respectively, see

Fig. 1. These mesh densities were chosen based on mesh

density studies and all elements were checked to ensure

that no distorted elements were generated. The stent mesh

comprised a total number of 7,794 elements for Mlinkthick

and 4,592 elements for Mlinkthin. The nodal coordinates of

the meshed model were transferred from a Cartesian

coordinate system into a cylindrical coordinate system,

using a procedure previously reported [14] whereby the

planar configuration was wrapped to represent the cylin-

drical structure of the stents.

The finite element software used to solve the models was

ABAQUS (Pawtucket, RI, USA). ABAQUS explicit was

utilised for its robust general contact algorithm and stability
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which enables modelling of very soft hyperelastic materials.

The general contact algorithm in ABAQUS explicit with no

friction between the contacting bodies was used for the

analysis which enforces contact constraints using a penalty

contact method. The default parameters were used to define

the contact between the artery and the stent.

Each simulation model composed two bodies, the stent

and the stenotic coronary artery. The thickness of athero-

sclerotic human coronary arteries range from 0.56 to

1.25 mm, depending upon the location of the arteries on the

surface of the heart [28]. For this reason, a thickness of

0.8 mm was chosen to represent the stenosed coronary

artery with the atherosclerotic localised plaque. The stenotic

coronary artery was modelled as a straight 0.5-mm thick

vessel with a localised plaque 0.3 mm thick and an internal

radius of 1.3 mm, see Fig. 1. Eight node linear brick,

reduced integration elements with hourglass control

(ABAQUS element type C3D8R) were used to mesh the

atherosclerotic coronary artery. Six elements were assigned

through the thickness of the arterial wall. The vessel was

divided into three layers; intima, media, and adventitia. The

thickness of each arterial layer was discretised by two ele-

ments and each layer was of equal thickness. This closely

complied with the ratio of the thickness of adventitia, media,

and intima which have been reported as 0.40 ± 0.03,

0.36 ± 0.03, and 0.27 ± 0.02, respectively in [10]. Six

elements were assigned through the plaque thickness in the

central region. The atherosclerotic artery was meshed by a

total of 121,440 elements and 135,969 nodes, see Fig. 1.

2.2 Material properties

Layer specific human coronary arterial wall properties

were assigned to the artery, consisting of the intima, media

and adventitia based on the data from Holzapfel et al. [10].

Human cellular atherosclerotic intimal plaque properties

were assigned to the localised plaque based on the avail-

able published data from Loree et al. [16]. The material of

the intima, media and adventitia were defined using third

order Ogden hyperelastic constitutive equations and that of

the plaque using a first order Ogden equation [22] repre-

sented by:

w ¼
XN

i¼1

2li

a2
i

�kai

1 þ �kai

2 þ �kai

3 � 3
� �

þ
XN

i¼1

1

Di
ðJ � 1Þ2i

where �ki denotes the deviatoric principle stretches, J is the

elastic volume strain and li, ai, and Di are the hyperelastic

constants, and i represents the order of the equation.

These constitutive equations were determined by fitting

to the circumferential stress–strain data of human coronary

artery as published in [10] and the tensile stress–strain

hypocellular atherosclerotic plaque data published in [16].

A non-linear regression routine, available in ABAQUS,

was used to obtain the constitutive models that best fit the

experimental data. The stability of the material constitutive

models was checked using the routine available in ABA-

QUS. The hyperelastic coefficients used for artery/plaque

models are summarised in Table 1. The arterial compo-

nents and atherosclerotic plaque were assumed to be nearly

incompressible. This assumption was imposed by specify-

ing a Poisson’s ratio of 0.49, infinitesimal values for D1,

and 0 for D2 and D3 in the hyperelastic constitutive

equations describing the materials, see Table 1.

The properties of 316L stainless steel were assigned to

the stents’ material. The stress–strain relationship of 316L

stainless steel for Mlinkthin (strut thickness of 50 lm) and

Mlinkthick (strut thickness of 140 lm) in the finite element

models in this study were described by the mechanical

Fig. 1 Finite element models of

the atherosclerotic coronary

arteries with crimped a
multilink thin and b multilink

thick stents
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behaviour of the struts tested by Murphy et al. [21]. The

material was described as an isotropic material with the

linear elastic region of the curve defined through the bulk

material values for 316L stainless steel; Young’s Modulus

of 196 GPa, Poisson’s Ratio of 0.3. A piecewise linear

function was used to represent the non-linear plasticity

through a von Mises plasticity model with isotropic

hardening.

2.3 Boundary conditions

The stent deployment involved expansion of the stent by

the application of an internal pressure on the inner stent

surface (loading), and removal of the internal pressure

(unloading). A uniform, radial pressure was applied as a

surface load to the internal surface of the stent increasing

temporally in magnitude as a smooth step. Connector

elements were utilised in ABAQUS to stop the stent from

further expansion as the desired expansion diameter was

achieved. These elements were connected to the centre of

the stent (ground) on one end and to the stent nodes on the

other end. Elements with similar function have previously

been used and are outlined in detail in [5]. These connector

elements simulate expansion of a stent with a non-com-

pliant angioplasty balloon as they prevent the stent from

expanding beyond the balloon diameter yet allow the

characteristic dog-boning observed during stent expansion.

The load was gradually removed to allow the stent to

recoil.

Two cases were studied to compare the effect of stent

strut thickness. In the first case study, both Mlinkthin and

Mlinkthick, were expanded to the initial maximum external

diameter of 3.22 mm, and were allowed to recoil. In the

second case study, the stents were expanded to different

diameters in such a way as to achieve the same final

maximum external diameter following radial recoil

(3.08 mm). These values were chosen in order to expand

the central stenosis in the vessel to the diameter of the

proximal and distal non-atherosclerotic vessel lumen. As

the diameter of the stent was found to be non-uniform in

different parts of the stent following expansion, the

maximum external diameter achieved by the stent was

opted as a criterion for the case studies.

For both case studies the same finite element models

were simulated, the only difference being the amount of

pressure applied. For case study 1, 0.9 MPa (9 atm) was

applied to Mlinkthin and 1.5 MPa (15 atm) was applied to

Mlinkthick, to achieve the same initial maximum external

stent diameter of 3.22 mm. For case study 2, the pressure

required to expand Mlinkthin and Mlinkthick were 1 MPa

(10 atm) and 1.5 MPa (15 atm), respectively, to achieve

the same final maximum external stent diameter

(3.08 mm).

Cyclic symmetry boundary conditions were imposed on

the nodes of the stent and artery in the circumferential

plane of symmetry. The ends of the stent were free from

any constraints. Displacement boundary condition was

applied to both ends of the vessel to account for in situ

prestretch of the vessel. Axial in situ prestretch was chosen

to be 1.05 which is typical of coronary arteries. This is the

upper band of the axial in situ stretch of 1.044 ± 0.06 in

coronary arteries reported by Holzapfel et al. [10].

In addition, element distortion control was used to pre-

vent incorrect results in the contact region where excessive

distortion of elements could occur.

When performing a quasi-static analysis with the

explicit approach it is necessary to ensure that the inertial

forces are negligible and do not cause unrealistic dynamic

effects. It has been shown that by maintaining the ratio of

kinetic energy to the total strain energy \5% dynamic

effects are negligible [13]. This criterion was adopted for

the quasi-static analyses presented here.

3 Results

Radial displacements were measured at key locations on

each stent through the loading and unloading process of the

stents’ expansion. The radial recoil throughout both

structures of Mlinkthin and Mlinkthick was found to be

highly non-uniform. The lowest values of recoil were

observed at the proximal and distal ends of the stent

Table 1 Coefficients of the

Ogden hyperelastic constitutive

models

Ogden hyperelastic

model constants

Intima Media Adventitia Plaque

l1 (Pa) -7,037,592.77 -1,231,144.96 -1,276,307.99 93,726.43

l2 (Pa) 4,228,836.05 785,118.59 846,408.08 –

l3 (Pa) 2,853,769.62 453,616.46 438,514.84 –

a1 24.48 16.59 24.63 8.17

a2 25.00 16.65 25.00 –

a3 23.54 16.50 23.74 –

D1 8.95 9 10-7 5.31 9 10-6 4.67 9 10-6 4.30 9 10-7
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structures because of lower plaque thickness at the two

ends and the radial recoil was higher for the Mlinkthin when

compared with Mlinkthick, see Table 2. Radial recoil was in

the order of 3–9%, which is higher than that reported by the

manufacturers for the laser cut stainless steel multilink

stents (1.7–4.8%) [24, 25]. This is due to the fact that recoil

is generally reported for free expansion of stents whilst the

presence of the stenotic artery around the stent increased

the radial recoil of the stents.

Investigating the stresses induced in the arteries by the

two stents with different strut thickness it was found that

the Mlinkthick induced 15% higher stress values in the

intima than the Mlinkthin on loading to achieve the same

initial maximum stent diameter, see Fig. 2. However, it

was on unloading that the greatest difference in the

mechanical environment of the vessels was observed. After

removal of the expansion pressure the maximum external

diameter of Mlinkthin and Mlinkthick was found to be 3.02

and 3.08 mm, respectively. As a result of the higher recoil

in the Mlinkthin 64% lower stresses were present in the

intima with 17% lower stresses induced in the plaque of

the vessel scaffolded by this stent, see Figs. 2 and 3. The

percentage stress volume, defined as the percentage of the

tissue volume stressed over a certain threshold to the total

volume of the tissue, was also calculated based on the

stress value at the element integration points. Quantifying

the volume of plaque and intima tissue stressed at high

levels within the vessel it was found that the Mlinkthick had

higher volumes of tissue stressed at high levels particularly

in the intima following recoil, see Fig. 4.

Stresses in the vessel were also investigated for case

study 2, where the stents were expanded to achieve the

same final maximum stent diameter. Due to the higher

radial recoil observed for the Mlinkthin it was necessary to

expand it to 3.4 mm and the Mlinkthick to 3.22 mm initial

maximum external diameter to achieve a final maximum

external diameter of 3.08 mm in both stented vessels.

Investigating the stresses in the vessels, it was found that

due to the higher expansion diameter of the Mlinkthin on

loading it induced considerably higher stress magnitudes

and volumes in the plaque tissue localised where the stent

crowns contacted the plaque and intima, see Figs. 2 and 3.

Removal of the lumen pressure on the stents lowered

the stresses in the vessels, however, 23% higher stresses

were induced in intima by Mlinkthick following recoil, see

Figs. 2, 3, 4, 5.

Table 2 Radial recoil in the stents

Stent Pressure (atm) Stent expanded

diameter (mm)

Stent diameter following

recoil (mm)

Distal end

(%)

Centre

(%)

Proximal end

(%)

Mlinkthick 15 3.22 3.08 4.54 5 4.88

Mlinkthin 10 3.40 3.08 6.95 9.63 6.52

Mlinkthin 9 3.22 3.02 6.56 6.93 5.8

Fig. 2 von Mises stresses in the

stenosed vessels stented with a
multilink thin and b multilink

thick stents
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The results of these models also show that in all cases

the plaque and intima of the atherosclerotic vessels

undergo significantly higher stresses when compared to the

media and adventitia of the vessels, see Figs. 2 and 3.

4 Discussion

The results of this study show the influence of stent strut

thickness on the stresses within a vessel. If, as in the ISAR-

STEREO clinical trial, two stents with the same design are

expanded to the same initial maximum stent diameter the

recoil of the thinner strut stent will cause lower stresses to

be induced in the vessel, both acutely during the procedure,

and chronically. The stresses induced in the vessel on

unloading, particularly in the intima, may act as a chronic

stimulus for cell proliferation where the artery attempts to

lower these stresses by vessel thickening. The lower lumen

gain, but lower acute and chronic stresses, in the thinner

strut stented vessel may ultimately result in less injury and

aggressive healing response.

This hypothesis and the results from this numerical

modelling study are supported further by the ISAR-STE-

REO clinical trial results whereby the diameter stenosis

immediately after the procedures showed the thin-strut

group had less optimal lumen gain but this was found to

have significantly reversed at 6-month follow-up (see

Fig. 1 in [12]).

Fig. 3 von Mises stresses in the

intima of the stenosed vessels

stented with a multilink thin and

b multilink thick stents

Fig. 4 The percentage stress

volumes of case study one

calculated for intimal tissue

stressed over 300 kPa and

plaque tissue stressed over

500 kPa
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The results from case study 2 show that, although a

thinner strut stent may be favourable when compared to a

thicker strut stent, it only applies in cases where both stents

are expanded to the same initial maximum stent diameter.

Expansion of the thinner strut stent to a higher diameter to

achieve the same final maximum stent diameter as the

thicker strut stent results in considerably higher acute

stresses at loading, however, at unloading the thicker strut

stent induces 23% higher intimal stresses. Clearly therefore

many stent designs, even thick-strut stents, could poten-

tially offer a solution to restenosis if the optimum

expansion diameter was considered such that stresses in the

vessel were maintained low.

Manufacturers quote the recoil of stents but only for free

expansion and these compare very well to those predicted

using numerical models of free expansion. However,

experience from our lab using commercially available

stents has shown that recoil is significantly higher in

stented vessels when compared to that quoted by manu-

facturers for free expansion [27]. This is also clearly

demonstrated in the models presented here and it demon-

strates the need for accurate numerical models of medical

devices. In addition the numerical models show that the

recoil at different locations of stents is influenced by the

geometry of the stenosed vessel. The recoil in proximal and

distal ends of the stent undergo lower recoil compared to

the centre because of the lower thickness of the plaque at

these locations.

Clearly therefore, a major concern in the response of a

vessel to a stent is the stent recoil which influences the

stresses induced in the vessel, however, overall stent

compliance may also be a factor influencing restenosis.

A more flexible, compliant stent may recoil more than a

thicker strut, more rigid stent and may also therefore allow

greater conformability and scaffolding in a tortuous vessel.

In addition, arterial vessels contain living cells, such as

smooth muscle cells (SMCs), which are conditioned to

thrive in a cyclic strain environment. Stenting lowers vessel

compliance and consequently reduces the cyclic strain on

these cells [29]. Altering the cyclic strain on SMCs may

cause cells to proliferate as has been identified in studies on

the influence of cyclic loading versus static cells in culture

[19]. A thinner strut stent may stiffen a vessel to a lesser

extent when compared to a thicker strut stent resulting in

the cells experiencing closer to the normal cyclic strain

stimulus.

The main observations from this study, however, are

that a thinner strut stent induces considerably lower chronic

vessel stresses when expanded to the same initial diameter

as a thicker strut stent and marginally lower when expan-

ded to the same final diameter as a thicker strut stent. Given

the lower clinical restenosis rates observed for such thinner

strut stents it may be postulated that there is a critical

chronic stress or injury level above which intimal hyper-

plasia occurs which ultimately results in restenosis. It is

this critical stress level that needs further investigation in

clinical trials. Guidelines on this critical stress level in

arteries would enable preclinical testing tools to provide

better design solutions to the problem of in-stent restenosis.

Future work to investigate the activity of SMCs in response

to various cyclic strain levels will be carried out to deter-

mine this critical stress level.

Some limitations of this study include the use of only

circumferential tensile test properties and therefore defin-

ing the arterial layers as isotropic materials, however, this

assumption is plausible as the dominant mechanical prop-

erties of the arterial wall during stent deployment are the

circumferential properties. Residual stresses and blood

Fig. 5 The percentage stress

volumes of case study two

calculated for intimal tissue

stressed over 300 kPa and

plaque tissue stressed over

500 kPa
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pressure were not included in the vessels, however, given

the comparative nature of this study the results are not

compromised.

In addition, the tissues were assumed to be purely elastic

and damage accumulation within the atherosclerotic vessel

was not accounted for as it was deemed beyond the scope

of this study.

Another factor which has been hypothesised to con-

tribute to the onset of in-stent restenosis is alterations in the

fluid flow within a vessel, and particularly abnormal wall

shear stresses. Factors such as the separation and recircu-

lation of the blood downstream from the stent struts have

been shown to be influenced by strut spacing [4]. Although

blood flow within the stented vessels has not been inves-

tigated as part of this study, it is possible that alterations in

fluid flow would also vary with strut thickness and there-

fore influence the potential for restenotic growth within a

stented vessel.

In the ISAR-STEREO trial, stent strut thickness was not

strictly the only difference between the two stent designs

implanted. The design of the two models is very similar

except for a slightly decreased number of inter-ring artic-

ulations in the thick-strut stent (ACS Multi-Link RX

DUET) when compared to the thin strut stent (ACS RX

Multi-Link). The clinical study itself, however, did not

consider these differences significant and therefore simply

considered the study an investigation of strut thickness. In

this paper we have adopted a similar approach by solely

investigating the influence of the strut thickness variation

and using the ACS Multi-Link RX DUET stent design

only.

Clearly however, the results from the numerical models

in this study demonstrate that an optimum stent design

should recoil sufficiently to prevent overstressing the vessel

wall whilst maintaining patency of the vessel. This study

also provides evidence that preclinical testing using

numerical modelling can provide insights into the optimum

loading for a particular stent design to reduce the stimulus

for in-stent restenosis.
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