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Abstract—Several clinical studies have identified a strong
correlation between neointimal hyperplasia following coro-
nary stent deployment and both stent-induced arterial injury
and altered vessel hemodynamics. As such, the sequential
structural and fluid dynamics analysis of balloon-expandable
stent deployment should provide a comprehensive indication
of stent performance. Despite this observation, very few
numerical studies of balloon-expandable coronary stents have
considered both the mechanical and hemodynamic impact of
stent deployment. Furthermore, in the few studies that have
considered both phenomena, only a small number of stents
have been considered. In this study, a sequential structural and
fluid dynamics analysis methodology was employed to com-
pare both the mechanical and hemodynamic impact of six
balloon-expandable coronary stents. To investigate the rela-
tionship between stent design and performance, several
common stent design properties were then identified and the
dependence between these properties and both the mechanical
and hemodynamic variables of interest was evaluated using
statistical measures of correlation. Following the completion
of the numerical analyses, stent strut thicknesswas identified as
the only common design property that demonstrated a strong
dependence with either the mean equivalent stress predicted in
the artery wall or themean relative residence time predicted on
the luminal surface of the artery. These results corroborate the
findings of the large-scale ISAR-STEREO clinical studies and
highlight the crucial role of strut thickness in coronary stent
design. The sequential structural and fluid dynamics analysis
methodology and the multivariable statistical treatment of the
results described in this study should prove useful in the design
of future balloon-expandable coronary stents.

Keywords—Stent, Coronary artery, Restenosis, Finite

element analysis, Computational fluid dynamics,

Equivalent stress, Relative residence time.

INTRODUCTION

Over the past two decades, several clinical studies

have identified strong correlations between neointimal

hyperplasia following coronary stent deployment and

both stent-induced arterial injury7,22,23,32,35,46,77,81,82,86

and altered vessel hemodynamics.6,17,18,20,21,52,71,79,88 In

light of these observations, a significant body of research

has been carried out in this area. Due to the difficulty

involved in the evaluation of these phenomena in an

in vivo setting however, a large portion of this research

has been carried out using computational methods of

analysis. These computational methods of analysis em-

ploy sophisticated numerical techniques, such as the fi-

nite element and finite volume methods, to obtain

approximate numerical solutions to complex physical

problems. To date, a large number of studies have

carried out computational structural (CS) ana-

lyses 1,4,5,14,15,19,25–29,37,44,53,54,57,59,62–64,72,73,78,80,85,87,90–92

and computational fluid dynamics (CFD) ana-

lyses3,8,9,12,30,31,33,42,47–51,65,66,69,74–76,83,89 to exclusively

evaluate either the mechanical or hemodynamic impact

of coronary stent deployment. As neointimal hyper-

plasia has been strongly linked with both stent-induced

arterial injury and altered vessel hemodynamics how-

ever, the sequential structural and fluid dynamics ana-

lysis of coronary stent deployment should provide a

comprehensive indication of stent performance. Despite

this observation, very few studies have adopted a

sequential analysis methodology to assess both the

mechanical and hemodynamic impact of stent deploy-

ment.2,11,38,43,58,60,61,70,93 Furthermore, no study has yet

employed a sequential analysis methodology to com-

pare and contrast the performance of several different

coronary stent designs.

In studies carried out by Bolassino et al. in 2008,2

Chiastra et al. in 201311 and Martin et al. in 2014,58 a

sequential structural and fluid dynamics analysis

methodology was employed to investigate the hemo-

dynamic impact of several stent designs. Although a

number of stent designs were evaluated in these

studies, they focused exclusively on the hemodynamic

impact of the stents and their mechanical impact was
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not reported. In studies carried out by Zunino et al. in

2009,93 Pant et al. in 201170 and Keller et al. in 2014,43

a sequential analysis methodology was employed to

investigate the mechanical and hemodynamic impact

of single stent designs. Although both the mechanical

and hemodynamic impact of the stents were evaluated

however, only a single stent design was considered in

each study. In 2011, Morlacchi et al.61 applied a se-

quential analysis methodology to assess the me-

chanical and hemodynamic impact of a single stent

design using different deployment strategies. Again,

though both the mechanical and hemodynamic impact

of the stent was evaluated, only a single stent design

was considered. In 2012, Hsiao et al.38 employed a

sequential analysis methodology to optimise the con-

figuration of a single stent design. In this study, the

mechanical impact of the stent within the artery was

neglected and only a single stent design was consid-

ered. Finally, in 2014, Morlacchi et al.60 employed a

sequential analysis methodology to investigate the

mechanical and hemodynamic impact of both a con-

ventional and a bifurcation stent design using different

deployment strategies. To the authors’ knowledge, this

is the first study in which both the mechanical and

hemodynamic impact of more than a single coronary

stent design have been reported.

The aim of this study was to apply a sequential

structural and fluid dynamics analysis methodology to

compare and contrast both the mechanical and he-

modynamic impact of six conventional balloon-ex-

pandable coronary stent designs. The applied

methodology was divided into two stages. First, a

geometric model of the stent was generated and a

nonlinear CS analyses was carried out using ABAQUS

(Dassault Systèmes, Simulia Corporation, Providence,

RI, USA) to simulate its deployment in an idealised

model of a coronary artery. The results of the CS

analysis were then used to generate a realistically-de-

formed model of the stented coronary lumen and a

transient CFD analysis was carried out using ANSYS

CFX (ANSYS Inc., Canonsburg, PA, USA) to simu-

late pulsatile flow conditions in a human coronary

artery. A multivariable statistical approach was then

employed to compare and contrast both the me-

chanical and hemodynamic impact of the six investi-

gated stents. The secondary aim of this study was to

apply statistical measures of correlation to investigate

the dependence between the common design properties

of the investigated stents and both the mechanical and

hemodynamic variables of interest.

MATERIALS AND METHODS

Structural Analysis

Geometry and Discretisation

The six investigated stents each resembled com-

mercial coronary stents and were labelled from A to F

as shown in Fig. 1. Of note, Stents E and F were

identical and only differed in terms of their strut

thickness. To carry out the CS analyses of each stent, a

planar geometrical model of each repeating unit cell

was first generated in ABAQUS. The repeating unit

cell was then copied along both the axial and trans-

verse directions to generate a planar model of the en-

tire stent geometry. The planar stent model was then

extruded by the corresponding strut thickness and

discretised into a uniform finite element mesh. Each of

the investigated stents were discretised using ap-

proximately 18,000–28,000 reduced-integration con-

tinuum elements (C3D8R) based on the mesh

convergence results presented in Appendix A. A

cylindrical finite element model of the investigated

FIGURE 1. Geometrical configuration of (a) Stent A, (b) Stent B, (c) Stent C, (d) Stent D, (e) Stent E and (f) Stent F.
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stent was then generated by transforming the nodal

coordinates from a Cartesian to a cylindrical coordi-

nate system. This procedure effectively wrapped the

planar stent mesh into a cylindrical configuration. The

coincident nodes located at the mesh interface were

then merged to generate a continuous finite element

model of the investigated stent. Each of the stents was

assigned a length of 8 mm and an internal diameter of

1 mm. The remaining geometrical properties of the

investigated stents were adopted from the literature

and are presented in Table 1.84

A realistic model of a balloon-tipped catheter was

employed to simulate the deployment of the investi-

gated stents. The balloon-tipped catheter, shown in

Fig. 2, consisted of a guide wire, a catheter shaft and a

tri-folded angioplasty balloon and has been described

in detail in a previous study.57 The guide wire and

catheter shaft were discretised using 740 and 13,104

reduced-integration continuum elements (C3D8R),

respectively, while the angioplasty balloon was dis-

cretised using 12,462 reduced-integration membrane

elements (M3D4R), based on the mesh convergence

results presented in Appendix A. An idealised cylin-

drical model of a coronary artery was employed to

investigate the mechanical impact of the investigated

stents. As shown in Fig. 2, the artery was modelled as a

straight cylindrical vessel and was assigned a fixed

length of 20 mm and internal and external diameters of

2.7 and 4.5 mm, respectively. The artery wall, which

had a subsequent thickness of 0.9 mm, was divided

into three layers that represented the intima, media and

adventitia and were assigned thicknesses of 0.24, 0.32

and 0.34 mm, respectively.36 The artery was discretised

into a uniform finite element mesh using 70,272

reduced-integration continuum elements (C3D8R)

based on the mesh convergence results presented in

Appendix A.

Constitutive Behaviour

The mechanical behaviour of the investigated stents

was described using a rate-independent elastic–plastic

material model with isotropic hardening. In this study,

the investigated stents were assumed to be manufac-

tured from 316L stainless steel and the data reported

by Murphy et al. was employed to describe their

elastic–plastic response.67 The elastic behaviour of the

stents was described using an elastic modulus of

196 GPa and a Poisson’s ratio of 0.3 while their plastic

behaviour was described using a multi-linear function

characterised by an initial yield stress of 380 MPa and

an ultimate tensile strength of 750 MPa. The me-

chanical behaviour of the guide wire, the catheter shaft

and the angioplasty balloon was described using

isotropic linear elastic material models, and the data

reported by Mortier et al. was adopted to describe

their linear elastic response.64 The linear elastic re-

sponse of the guide wire, catheter shaft and angio-

plasty balloon was described using an elastic modulus

of 62 GPa, 1 GPa and 920 MPa and a Poisson’s ratio

of 0.3, 0.4 and 0.4, respectively. Finally, the mechanical

behaviour of the intima, media and adventitia was

described using third-order Ogden isotropic hy-

perelastic material model which is defined as follows:

W ¼
X

n

i¼1

2li
ai

k
ai

1 þ k
ai

2 þ k
ai

3 ÿ 3
� �

þ
X

n

i¼1

1

Di

Jÿ 1ð Þ2i

ð1Þ

TABLE 1. Geometrical properties of the investigated stents.

Stent A B C D E F

Cell configuration Closed Open Open Closed Open Open

Link configuration Peak-to-peak Peak-to-peak Peak-to-valley Peak-to-peak Peak-to-valley Peak-to-valley

Cell number (circumferential) 6 5 3 8 3 3

Cell number (longitudinal) 3 7 6 5 5 5

Strut thickness (mm) 0.14 0.10 0.13 0.10 0.13 0.05

Strut width (mm) 0.13 0.10 0.09 0.10 0.10 0.10

Stent-to-artery area (mm2) 12.35 15.02 9.47 12.46 12.03 12.03

FIGURE 2. Geometrical configuration of (a) the balloon-tip-
ped catheter, (b), a stent positioned over the balloon-tipped
catheter and (c) a stent positioned over the balloon-tipped
catheter inside the idealised cylindrical coronary artery.

Analysis of Balloon-Expandable Coronary Stents

Author's personal copy



The term n denotes the order of the function, li, ai
and Di denote the temperature-dependent hyperelastic

material constants, �ki denote the deviatoric principal

stretches and J denotes the volume ratio. The data

reported by Holzapfel et al. was employed to describe

the nonlinear elastic response of the intima, media and

adventitia36 and the material constants that provided

the best fit to the experimental data are presented in a

Table 2.

Boundary and Loading Conditions

To simulate the deployment of the investigated

stents, a uniform pressure load was applied to the inner

surface of the angioplasty balloon. This pressure load

was first increased until a stent-to-artery deployment

ratio of 1.1:1, which is typical of clinical procedures,24

was achieved. The pressure load was then decreased to

a value of ÿ0.01 MPa to allow both the stent and the

artery to recoil. To prevent rigid-body motions during

the CS analyses, the nodes located at the extremities of

the artery and the guide wire were fully-constrained

while a small number of nodes located at the mid-

section of the stent were constrained in the axial and

circumferential directions. Contact was then described

using the general contact algorithm and friction was

described using a Coulomb friction model. A static

friction coefficient of 0.2 was adopted from Mortier

et al. to describe the development of tangential fric-

tional forces between all potential contact pairs and a

mass-proportional Rayleigh damping coefficient of

8000 was adopted from DeBeule et al. to prevent non-

physical oscillations during the inflation of the angio-

plasty balloon.16,64

Solution

The CS analyses were carried out using the ABA-

QUS/Explicit solver and, as inertia is assumed to have

a negligible role during stent deployment, a quasi-static

approach was adopted. To obtain a computationally

economic solution, the rate of loading was increased

and a small degree of mass-scaling was introduced to

artificially increase the size of the stable time incre-

ment. To ensure that the CS analyses remained quasi-

static, a solution time of three seconds was specified

and the total kinetic and internal energies were mon-

itored for the duration of the analyses. The CS ana-

lyses were each completed within 24 h using four

compute nodes of an SGI Altix ICE 8200EX cluster

that is administered and maintained by the Irish Centre

of High-End Computing. Each individual compute

node consisted of two Xeon E5650 hex-core processors

and 24 gigabytes of RAM.

Fluid Dynamics Analysis

Geometry and Discretisation

The deformed geometry of both the stent and the

coronary artery were imported into ANSYS ICEM as

triangulated surface meshes. As shown in Fig. 3, the lu-

minal surface was then isolated and the deformed ge-

ometry of the stent was extracted. The distance both

proximal and distal to the stent at which the lumen re-

turned to its original diameter was measured and any ele-

ments located beyond these positions were removed.

TABLE 2. Hyperelastic material constants employed to
describe the mechanical behaviour of the intimal, medial

and adventitial layers of the coronary artery.

Constant Intima Media Adventitia

l1 ÿ6.22 MPa ÿ1.67 MPa ÿ1.95 MPa

l2 3.84 MPa 1.04 MPa 1.18 MPa

l3 2.17 MPa 0.64 MPa 0.79 MPa

a1 23.91 23.17 24.60

a2 24.53 23.45 25.00

a3 22.68 23.62 23.88

D1 0.78 4.35 3.88

D2 0 0 0

D3 0 0 0

FIGURE 3. Generation of the CFD model of a stented coro-
nary lumen: (a) deformed configuration of the artery, (b) iso-
lation of the luminal surface and extraction of the deformed
stent geometry and (c) removal of unnecessary length.
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The resulting meshes were then used to generate a realis-

tically-deformedmodel of the stented coronary lumen. To

ensure that the boundary conditions had no influence on

the flow in the region of interest, an additional entrance

and exit length of 32 mm was added to the extremities of

each model. This additional length corresponded to the

theoretical entrance length for fully-developed laminar

flow in a 2.7 mmdiameter straight cylinder subjected to an

inlet velocity of 0.23 m/s. Themodels of the stented lumen

were then discretised using 2–3 million tetrahedral ele-

ments based on the mesh convergence results presented in

AppendixA.The resultingmesheswere then imported into

ANSYS CFX to configure the transient CFD analyses.

Constitutive Behaviour

Whole human blood is a non-Newtonian fluid and

exhibits significant shear thinning behaviour at shear

rates below 100 sÿ1.39 As such, the density of the fluid

was assigned a value of 1050 kg/m3 and its dynamic

viscosity was described using the Bird–Carreau model

as follows:

l ¼ l1 þ l0 ÿ l1ð Þ 1þ _cktð Þ2
h i

qÿ1
2ð Þ

ð2Þ

The term l denotes the dynamic viscosity of the

fluid, l0 denotes the low shear viscosity, l¥ denotes the

high shear viscosity, _c denotes the scalar shear strain

rate, kt denotes the time constant and q denotes the

power law index. The data reported by Jung et al. was

employed to describe the variable viscosity of whole

human blood.39 Specifically, the low and high shear

viscosities were assigned values of 0.056 and

0.00345 PaÆs, while the time constant and power law

index were assigned values of 3.31 and 0.075 s, re-

spectively.

Boundary and Loading Conditions

During the CFD analyses, the domain was assumed

to be rigid and a no-slip condition was specified on

both the luminal surface and the exposed stent struts.

A zero relative static pressure was specified at the do-

main outlet and a fully-developed Hagen–Poiseuille

velocity profile was specified at the domain inlet. Al-

though the velocity profile in a real coronary artery

will be skewed by local curvature and tortuosity, the

artery considered in this study is idealised as a straight

cylindrical vessel and, as such, it is reasonable to as-

sume a fully-developed velocity profile. To simulate

pulsatile flow conditions, a transient velocity profile

was adopted from Murphy et al. to describe the var-

iation of the centreline velocity in a human left-ante-

rior descending coronary artery during the cardiac

cycle.65 As shown in Fig. 4, the velocity profile had

mean and peak values of 0.23 and 0.43 m/s which

correspond to mean and peak Reynolds numbers of

189 and 353, respectively.

Solution

Following the specification of the boundary condi-

tions, the conservation equations of mass and linear

momentum were solved in ANSYS CFX using the

coupled multigrid solver. As the peak Reynolds num-

ber for the velocity profile was below the conventional

threshold at which transition to turbulence is expected,

the flow in the domain was assumed to be laminar.

Based on the results of the cycle and time step con-

vergence studies presented in Appendix A, three con-

secutive cardiac cycles were simulated and thirty-two

time steps were considered during each cycle. A con-

vergence criterion of 0.0001 was then specified for the

root mean square value of the velocity and density

residuals based on the results of the tolerance conver-

gence study presented in Appendix A. The CFD ana-

lyses were each completed within 24 h using a single

core of a Hewlett-Packard xw8600 workstation that

featured a Xeon X5450 quad-core processor and 32

gigabytes of RAM.

Multivariable Statistical Analysis

Variables of Interest

The performance of the investigated stent was first

evaluated in terms of the rate of radial recoil (RR) and

longitudinal foreshortening (LF). RR is defined as the

difference between the stent diameter at maximum

loading and unloading, and is calculated as follows:

RR ¼ �
DLOAD ÿDUNLOAD

DLOAD

� �

� 100 % ð3Þ

FIGURE 4. Transient velocity profile adopted to describe the
variation of the centreline velocity in a human left-anterior
descending coronary artery during a cardiac cycle.
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As the diameter of a stent typically varies along

both its length and circumference, an average diameter

was determined from the average distance between the

central axis and the nodes located at the inner apex of

each crown. LF is defined as the difference in stent

length prior to loading and unloading of the angio-

plasty balloon and is calculated as follows:

LF ¼ �
LUNLOAD ÿ LLOAD

LUNLOAD

� �

� 100 % ð4Þ

Following coronary stent deployment, sites of ag-

gressive neointimal formation correspond with sites of

excessive vascular injury, and this is attributed to in-

creased rates of thrombus formation, inflammation,

neointimal proliferation and extracellular synthe-

sis.7,22,23,32,35,46,77,81,82,86 The mechanical impact of the

investigated stents was evaluated in terms of the

equivalent von Mises stress (ES) distribution predicted

in the artery wall. The ES is calculated as follows:

ES ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3

2
r0ij : r

0
ij

r

ð5Þ

Here, the term r0ij denotes the deviatoric stress tensor.

TheESdistribution observed following the unloading of

the angioplasty balloon was preferred to that observed

at maximum loading when it is difficult to distinguish

between stresses incurred due to balloon-artery and

stent-artery interactions. Following coronary stent de-

ployment, sites of aggressive neointimal hyperplasia

also correspond to sites subjected to non-physiological

flow conditions, and this has been attributed to in-

creased endothelial dysfunction and perme-

ability.6,17,18,20,21,52,71,79,88 The hemodynamic impact of

the investigated stents was evaluated in terms of the re-

lative residence time distribution predicted upon the

lumen surface during the third cardiac cycle. The RRT

accounts for temporal variations in both the magnitude

and the orientation of the instantaneouswall shear stress

vector and is calculated as follows:

RRT ¼
T

R T

0
sidt

�

�

�

�

�

�

ð6Þ

The term si denotes the instantaneous wall shear

stress vector while T denotes the cardiac period. High

RRT values indicate regions of flow stagnation where

endothelial dysfunction and high particle residence

times are likely to be observed.34

Statistical Analysis

To fully elucidate the mechanical and hemodynamic

impact of the stents, the weighted mean, standard de-

viation and skewness of the ES and RRT distributions

were calculated. The weighted mean describes the

central tendency of the respective distribution and was

calculated as follows:

lw ¼

R

w
/dw

R

w
dw

¼

PN
i¼1 /idwið Þ
PN

i¼1 dwi

ð7Þ

Here, /i denotes the value of the variable of interest

at the ith element/node, dwi denotes the volume/area at

the ith element/node and N denotes the total number

of elements/nodes in the domain. The weighted stan-

dard deviation and skewness were calculated as fol-

lows:

rw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i¼1 /i ÿ lwð Þ2dwi

Pn
i¼1 dwi

s

ð8Þ

sw ¼

PN
i¼1 /i ÿ lwð Þ3dwi
PN

i¼1 dwir3w
ð9Þ

The standard deviation and skewness describe the

variance and asymmetry of the distribution about the

corresponding mean, respectively. To investigate the

relationship between stent design and performance, the

number of longitudinal cells, number of circumferen-

tial cells, strut width, strut thickness and stent-to-ar-

tery surface area were identified as common

geometrical design properties of the six investigated

stents. The dependence between these common design

properties and both the mean ES and RRT was then

evaluated using the Spearman rank correlation coeffi-

cient. The Spearman coefficient (SC) is a statistical

index that is employed to measure the strength of the

assumed monotonic dependence between two inde-

pendent variables X and Y and is calculated as follows:

SC ¼

Pn
i¼1 xi ÿ �xð Þ yi ÿ �yð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 xi ÿ �xð Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 yi ÿ �yð Þ2

q ð10Þ

The term n denotes the sample size, xi and yi denote

the ranked values of Xi and Yi and x and �y denote the

mean values of xi and yi, respectively. Where a high SC

was calculated, the Pearson product moment correla-

tion coefficient was then employed to calculate the

strength of the linear dependence between the vari-

ables. The Pearson coefficient (PC) is a similar statis-

tical index that is employed to measure the strength of

the assumed linear dependence between two indepen-

dent variables X and Y and is calculated as follows:

PC ¼

Pn
i¼1 Xi ÿ �Xð Þ Yi ÿ �Yð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 Xi ÿ �Xð Þ

2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 Yi ÿ �Yð Þ

2
q ð11Þ

The term n again denotes the sample size, Xi and Yi

denote the magnitudes of the variables x and y and �X
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and �Y denote the mean values of the variables Xi and

Yi, respectively.

RESULTS

Deployment Characteristics

As shown in Fig. 5, the deployment of the investi-

gated stents was characterised by a rapid initial ex-

pansion that commenced at the stent extremities. This

phenomenon is referred to as dog-boning and is well

documented in the literature.45 As shown in Table 3,

the highest rate of RR of ÿ4.74% was observed with

Stent F. This was attributed to the fact that Stent F

had a highly non-uniform distribution of cells and the

lowest strut thickness of 0.05 mm. Conversely, the

lowest rate of RR of ÿ3.28% was observed with Stent

B. This was attributed to the fact that Stent B had a

much more uniform distribution of cells and a

relatively high strut thickness of 0.10 mm. As shown in

Table 3, the highest rate of LF of ÿ7.67% was also

observed with Stent B. This was attributed to the fact

that Stent B did not have any flexible link elements

which tend to inhibit LF during stent deployment.

Conversely, the lowest rate of LF of +3.13% was

observed with Stent E. Although uncommon, stent

elongation has been reported in previous experimental

and numerical studies in the literature.45,91 The slight

elongation of Stents E and F was attributed to the fact

that their strut segments were interconnected by long,

inflexible articulations that inhibit LF during deploy-

ment. Overall, the predicted rates of RR and LF were

in good general agreement with experimental values

reported in the literature.]13

Equivalent Stress

The ES distribution predicted in the artery wall for

each of the investigated stents is shown in Fig. 6. In each

of the CS analyses, the peak values of ES were observed

in the intimal layer of the artery wall. As shown in

Table 4, the highest mean ES of 10.72 kPa was ob-

served with Stent A. This was attributed to the fact that

Stent A had the highest strut thickness of 0.14 mm and

also exhibited a relatively low rate of RR. High stresses

were also observed with Stent A as its flexible link ele-

ments expanded to a greater diameter than its strut

elements and this imposed a circumferential stretch on

the tissue in its repeating cells. Conversely, the lowest

mean ES of 3.49 kPa was observed with Stent F. This

was attributed to the fact that Stent F had the lowest

strut thickness of 0.05 mm and also exhibited the

highest rate of RR. For each of the investigated stents,

the standard deviation of the ES distribution was

relatively high. This implies a high variance about the

mean ES andwas attributed to the fact that the majority

of the artery was subjected to either relatively high or

low values of ES. For each of the investigated stents, the

FIGURE 5. Configuration of Stent A (a) prior to loading, (b) during loading, (c) at maximum loading and (d) at unloading of the
angioplasty balloon.
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skewness of the ES distribution was between 1.8 and

2.3. This implies that the ES distributions were skewed

slightly to the right such that the majority of the artery

was subjected to ES values that were marginally lower

than the mean ES. Based on these results, it is likely that

Stent A and F would have the greatest and the least

impact on the mechanical environment in the coronary

artery, respectively.

Relative Residence Time

The RRT distribution predicted on the luminal

surface for each of the investigated stents is shown in

Fig. 7. In each of the CFD analyses, the peak values of

RRT were predicted next to the stent struts where

localised regions of flow separation, recirculation and

reattachment were observed. Regions of high RRT

were also apparent where the strut and link elements

were located in close proximity to one another or

aligned perpendicular to the main flow direction. As

shown in Table 4, the highest mean RRT of 4.97 Paÿ1

was observed with Stent A. This implies that Stent A

subjected the greatest portion of the luminal surface to

coincident regions of low and oscillatory wall shear

stress. This was attributed to the fact that Stent A had

the highest strut thickness of 0.14 mm and a large

number of its link elements were both in close prox-

imity to one another and aligned perpendicular to the

main flow direction. Conversely, the lowest mean RRT

of 1.36 Paÿ1 was observed with Stent F. This was at-

tributed to the fact that Stent F had the lowest strut

thickness of 0.05 mm and the vast majority of its link

elements were located far apart from one another and

aligned parallel to the main flow direction. For each of

the investigated stents, the standard deviation of the

RRT distribution was relatively high. This implies a

high variance about the mean RRT and was attributed

to the fact that the majority of the luminal surface was

subjected to either relatively high or low values of

RRT. For each of the investigated stents, the skewness

of the RRT distribution was extremely high and ran-

TABLE 3. Deployment characteristics of the investigated
stents.

Stent Final diameter (mm) Final length (mm) RR (%) LF (%)

A 2.93 7.63 ÿ3.37 ÿ4.66

B 2.95 7.39 ÿ3.28 ÿ7.67

C 2.92 7.70 ÿ4.15 ÿ3.79

D 2.91 7.71 ÿ3.48 ÿ3.61

E 2.92 8.25 ÿ3.69 +3.13

F 2.88 8.22 ÿ4.74 +2.75

FIGURE 6. ES distribution predicted in the artery wall following the deployment of (a) Stent A, (b) Stent B, (c) Stent C, (d) Stent D,
(e) Stent E and (f) Stent F.

D. MARTIN AND F. BOYLE

Author's personal copy



ged from a value of 9–151. This implies that the RRT

distributions were skewed strongly to the right such

that the vast majority of the luminal surface was sub-

jected to RRT values that were significantly lower than

the mean RRT. Based on these results, it is likely that

Stents A and F would have the greatest and the least

impact on the hemodynamic environment in the

coronary artery, respectively.

Stent Design and Performance

When the six investigated stents were ranked from

best to worst in terms of the mean ES and RRT, Stents

D and F were consistently ranked as the best

performing stents while Stent A was consistently

ranked as the worst-performing stent. Comparing the

properties of the investigated stents however, it is dif-

ficult to determine why Stents D and F were consis-

tently ranked as the best-performing stents. Stent D

had a closed-cell, peak-to-peak configuration and a

high number of circumferential cells while Stent F had

an open-cell, peak-to-valley configuration and a low

number of circumferential cells. It is also difficult to

determine why Stents A, C and E were consistently

ranked poorly. Stent A had a closed-cell, peak-to-peak

configuration and a high number of circumferential

cells while Stents C and E had an open-cell, peak-to-

valley configuration and a low number of circumfer-

ential cells.

As shown in Table 5, the only common design

property of the six investigated stents that demon-

strated a strong monotonic dependence with either the

mean ES or RRT was strut thickness. Specifically, a

strong positive monotonic dependence (0.70< SC<

0.90) was observed between strut thickness and the

mean ES (SC = 0.853) while a very strong positive

monotonic dependence (0.90< SC< 1.00) was ob-

served between strut thickness and the mean RRT

(SC = 0.971). In order to investigate the functional

nature of these dependencies, a scatter plot was gen-

TABLE 4. Statistical analysis of the predicted ES and RRT
distributions for each of the investigated stents.

Stent

ES RRT

lw (kPa) rw (kPa) sw (-) lw (Paÿ1) rw (Paÿ1) sw (-)

A 10.72 16.94 2.25 4.97 11.80 10.07

B 8.83 12.52 1.85 4.19 12.24 15.62

C 8.79 12.97 2.04 4.82 27.38 150.95

D 7.34 10.18 1.80 3.89 9.96 9.10

E 9.21 13.01 1.90 4.26 14.05 29.28

F 3.49 4.61 2.08 1.36 4.12 38.86

FIGURE 7. RRT distribution predicted on the luminal surface for (a) Stent A, (b) Stent B, (c) Stent C, (d) Stent D, (e) Stent E and
(f) Stent F.
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erated for each pair of correlated variables. As shown

in Fig. 8, the functional nature of the monotonic

dependence was approximately linear. The strength of

this assumed linear dependence was therefore

evaluated using the PC. Following the calculation of

the PC, a very strong positive linear dependence

(0.90<PC< 1.00) was observed between strut thick-

ness and both the mean ES (PC = 0.950) and the mean

RRT (0.971). These results suggest that strut thickness

is likely to have a significant influence on both the

mechanical and hemodynamic impact of coronary

stent deployment. As such, stainless steel stents that

feature a relatively low strut thickness are likely to be

less susceptible to neointimal hyperplasia, and subse-

quent in-stent restenosis, in a clinical setting.

DISCUSSION

In a randomised clinical study carried out by

Kastrati et al. in 2001, 1147 patients were randomly

assigned to receive one of five stainless steel coronary

stents.41 At one year follow-up, the primary end-point

of event-free survival ranged from 69.4 to 82.4% for

the five different stents (p< 0.05). Based on these re-

sults, it was concluded that stent design has a major

impact on the clinical outcome following coronary

stent deployment. The results presented in this study

corroborate these findings in that that the severity of

the mechanical and hemodynamic impact predicted

within the coronary artery varied for each of the six

investigated stents. The numerical results further

demonstrate the important relationship between stent

design and performance. Despite the success of drug-

eluting stents since their introduction in 2003, the

primary aim of stent design should include the min-

imisation of neointimal hyperplasia through the re-

duction of both the mechanical and hemodynamic

impact within the coronary artery. This is especially

true in population subsets where high risk factors, such

as diabetes and complex lesions, are encountered.

The results of this study also corroborate the findings

of the ISAR-STEREO trials. The ISAR-STEREO-I

and ISAR-STEREO-II trials were large-scale clinical

studies carried out by Kastrati et al. in 2001 and Pache

et al. in 2003, respectively, in which over 600 patients

were randomly assigned to receive either a thin

(0.05 mm) or thick (0.13–0.14 mm) strut stent for the

treatment of symptomatic coronary heart disease.40,68

At 6 month follow-up in both trials, the incidence of

angiographic in-stent restenosis was significantly higher

(p< 0.05) for patients treated with the thick strut

stents. Based on these results, it was concluded that

strut thickness has a major impact on the clinical out-

come following coronary stent deployment. The results

presented in this study also corroborate this finding in

that a strong correlation was identified between in-

creased strut thickness and an increasedmechanical and

hemodynamic impact within the coronary artery. Fur-

thermore, the design of Stents A, E and F is comparable

to that of the commercial stents investigated in the

ISAR-STEREO trials. Specifically, Stent A resembles

the BX-Velocity stent (Johnson & Johnson, New

Brunswick, NJ, USA) while Stents E and F resemble the

thin and thick strut variations of the Multilink Duet

stent (Abbott Laboratories, Abbott Park, IL, USA),

respectively. As shown in Table 6, the predicted per-

formance of the investigated stents was in good agree-

ment with the clinical performance of the commercial

stents in so far as the stents that produced the higher

mean ES and RRT in this study also produced the

higher rates of angiographic in-stent restenosis at short-

term follow-up in both of the clinical trials.

The results of this study should be interpreted in

terms of several potential limitations. Firstly, though

current-generation coronary stents are primarily

manufactured from high-strength metallic alloys, such

as cobalt–chromium,56 the six investigated stents in

TABLE 5. Calculated Spearman coefficient for each
combination of the common geometric design properties

and both the mean ES and RRT

Design variable ES RRT

Longitudinal cells ÿ0.273 ÿ0.213

Circumferential cells 0.152 0.030

Strut thickness 0.853 0.971

Strut width 0.507 0.169

Stent-to-artery surface area 0.145 ÿ0.232

FIGURE 8. Approximate linear dependence observed be-
tween strut thickness and both the mean ES (red data points)
and RRT (green data points).
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this study were each assigned the properties of stainless

steel. As such, the results and conclusions of this study

cannot be extrapolated to current-generation devices.

Though limiting, this approach is not uncommon in

the literature and many recent numerical studies have

investigated stainless steel coronary stent de-

signs.14,19,20,25,28–31,43,57,58,64–66,69,70,73,80,89,91,92 Fur-

thermore, one of the primary aims of this study was to

assess the predictive nature of the numerical approach.

This required that the relative performance of at least

two of the investigated stents had been evaluated in

large-scale clinical trials. Though many clinical trials

have been carried out to assess the relative perfor-

mance of stents manufactured from high-strength

metallic alloys, the majority of these trials have also

included drug and/or polymer coatings, which are not

accounted for in the current numerical model. In light

of this issue, Stents A, E and F were specifically in-

vestigated so that their predicted performance could be

compared to that of the commercial stents investigated

in the ISAR-STEREO trials. To date, the ISAR-

STEREO trials remain two of the largest clinical

studies in which the relative performance of two un-

coated stents has been investigated in a large-scale,

head-to-head manner. Stents B, C and D were then

included to increase the sample size to six stents, as

required for the statistical analyses.

The results of the analyses are also limited by the

assumed geometrical/material models and the applied

boundary conditions. Specifically, balloon-expandable

stents are typically cut from metallic tubes, crimped to

a low profile and loaded onto a delivery system. Dur-

ing this process, the stent is first subjected to plastic

deformations and then allowed to recoil. This initial

crimping process results in the development of residual

stresses within the stent struts that can have a subse-

quent effect upon the deformation of the stent during

the deployment procedure. To simplify the analyses

however, the crimping procedure was neglected in this

study and the investigated stents were initially mod-

elled in a stress-free configuration. Though limiting,

the deployment of Stent A was found to be in excellent

quantitative and qualitative agreement with that of a

comparable commercial stent.55 Secondly, both the

tortuosity of the coronary artery and the presence of

an atherosclerotic plaque are neglected. Since these

features vary significantly from one person to another

and are dependent on the artery of interest, it is diffi-

cult to identify a single idealised geometry that

adequately accounts for each feature. Although pa-

tient-specific models provide an excellent description of

tortuous, atherosclerotic coronary arteries, the results

and conclusions derived from these models are only

applicable to a single patient and it is debatable whe-

ther they should be generalised to the entire popula-

tion. An alternative approach to this issue was recently

proposed by Conway et al. who employed idealised

models of coronary arteries to investigate the me-

chanical impact of stent deployment in a series of

vessels that featured various degrees of tortuosity,

plaque severity and plaque properties.14 Though a

population-specific approach would improve the pre-

sent study of stent performance, the computational

effort required to investigate both the mechanical and

hemodynamic impact of six stents in a series of ide-

alised arteries featuring various degrees of arterial

tortuosity, plaque severity and plaque properties was

deemed beyond the scope of the current work. This

approach is therefore suggested as a potential avenue

for future research in this area.

The material model adopted to describe the me-

chanical behaviour of the coronary artery during the

CS analysis is another limitation of the proposed

methodology. In reality, human arterial tissue exhibits

a strong anisotropic mechanical response which is

likely to have a major impact on the stresses incurred

in the artery wall. In this study however, the me-

chanical behaviour of the artery was instead described

using isotropic hyperelastic material models based on

experimental data derived from circumferentially-ori-

entated samples of human arterial tissue. Though

limiting, this approach is plausible, as the dominant

arterial response during coronary stent deployment is

in the circumferential direction. With regard to the

CFD analysis, one of the major limitations associated

with the proposed methodology arises from the as-

sumption of a rigid domain. This assumption is also

plausible however, as the deployment of a stent is likely

to considerably stiffen the lumen in the region of in-

terest. Furthermore, a recent study reported by Chi-

astra et al. demonstrated negligible differences in the

wall shear stress distribution when both rigid and

compliant domains were considered.10 Finally, the

specification of a zero relative static pressure at the

domain outlet results in the development of non-

physiological pressure gradients during the CFD ana-

TABLE 6. Comparison of the predicted performance
of Stents A, E and F with the clinical performance of
three comparable commercial stents, as reported in the
ISAR-STEREO-I (top) and ISAR-STEREO-II (bottom) clinical

studies.

Stent

Numerical

mean

ES (kPa)

Numerical

mean

RRT (Paÿ1)

Clinical

in-stent

restenosis (%)

ISAR-STEREO-I Trial

E 9.21 4.26 25.8

F 3.49 1.36 15.0

ISAR-STEREO-II Trial

A 10.72 4.97 31.4

F 3.49 1.36 17.9
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lysis. This assumption is also plausible, as the domain

is assumed to be rigid and the velocity field is not in-

fluenced by the absolute values of pressure.

CONCLUSION

In this study, a sequential structural and fluid dy-

namics analysis methodology has been employed to

investigate both the mechanical and hemodynamic

impact of several balloon-expandable coronary stent

designs for the first time. The dependence between the

common design properties of the investigated stents

and both the mechanical and hemodynamic variables

of interest was also evaluated using statistical measures

of correlation for the first time. From both a me-

chanical and hemodynamic perspective, Stents D and

F were ranked as the best performing stents while

Stents A, C and E were ranked as the worst-perform-

ing stents. Strut thickness was also identified as the

only common stent design property that demonstrated

a strong monotonic or linear dependence with either

the mean ES predicted in the artery wall or the mean

RRT predicted on the luminal surface. These results

corroborate the findings of the previous clinical studies

and highlight the crucial role of strut thickness in the

design of stainless steel stents. Furthermore, the pre-

dicted performance of three of the investigated stents

was found to be in good agreement with the clinical

performance of three comparable commercial stents,

as reported in the large-scale ISAR-STEREO trials.

Given the good agreement between the predicted re-

sults and the clinical results, the numerical approach

presented in this study may be applied with some

confidence to the pre-clinical design and optimisation

of future balloon-expandable coronary stents.
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