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ABSTRACT

The Study of Intravascular Stent Design Parameterto Reduce Restenosis Risk by

Considering A Transient Non-uniform Balloon-Stent Expansion

Won-Pil Park
Department of Biomedical Engineering
The Graduate School, Yonsei University
(Directed by Professor Han-Sung Kim, Ph. D)

The foreshortening or dogboning of a stent thatuocaue to transient non-uniform
balloon-stent expansion can induce a intravasdnjary, resulting in restenosis of the artery.
However, previous studies rarely considered thectsf of transient non-uniform balloon
expansion on analysis of the mechanical propedied behaviors of stents during stent
deployment, nor did they determine design parammdteminimize the restenosis risk driven
by foreshortening or dogboning, nor did they deteendesign parameters to minimize the
inner arterial wall stress value. The aim of therent study was, therefore, to suggest
potential design parameters capable of reducingotssibility of restenosis risk driven by
foreshortening or dogboning and decreasing of iramerial wall stress value through a
comparative study of seven commercial stents uanitg element (FE) analyses of a realistic
transient non-uniform balloon-stent expansion psecé& he results indicate that using stents
composed of opened unit cells connected by bendeshlink structures and controlling the
geometrical and morphological features of the aalt strut or the link structure at the distal
ends of stent may prevent restenosis risk causéarbghortening or dogboning. And also, the
results indicate that using stents composed of eghenit cells connected by bend-shaped link
structures with limited aperture area and contgllthe geometrical and morphological
features of the unit cell strut or the link struetwf stent may decrease inner arterial wall
stress value. This study provides a first lookhatrealistic transient non-uniform balloon-stent
expansion by investigating the mechanical propgrtizehaviors, and design parameters
capable of reducing the possibility of restenoss& induced by the foreshortening or the
dogboning.

Keywords : Intravascular stent, Foreshortening, Dogbonirgnsient non-uniform balloon

expansion, Finite element analysis
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l. INTRODUCTION

Intravascular diseases are serious healthcaregmnshin the present day. In the United
States, coronary artery diseases are one of thecipsl causes of mortality, with a
socioeconomic burden estimated to reach $400 hilio2006" Atherosclerosis, also known
as an coronary artery disease, is one of the neolstus forms of coronary artery disease that
affects the coronary artely? It is characterized by a chronic inflammatory @sge in the
arterial inner wall, in large part due to the depos of lipoproteins (atheromatous plaques
known as plasma proteins that carry cholesteroltegtycerides). This leads to a thickening
of the inner arterial walls, resulting in the retlos of blood flow by narrowing or even
blocking (restenosis) the arteries.

Currently, three of the most common treatmentsconary artery diseases that do not
respond to pharmacologic therapy are coronaryyaltgpass grafting (CABG), percutaneous
transluminal coronary balloon angioplasty (PTCA)d gercutaneous transluminal coronary
stenting with the aid of balloon angioplasty (PT@#th stent). Of these, at present, the
intravascular intervention market for stents hasdased rapidly because of their high initial
success rate, minimal invasive nature, and imprdeed-term effectiveness compared to
coronary artery bypass grafting or percutaneousshuminal coronary balloon angioplast:.
® Each year, over one million percutaneous inteivestare performed worldwide, exceeding
the annual number of coronary artery bypass grdfte use of stents in interventional
procedures has rapidly increased from 10% in 189dver 80% in current practice’ In a
recent review of randomized trials comparing tlemshg technique with balloon angioplasty,
the stenting technique reduced the rates of relaszation by 35 to 75%, while angiographic
indexes of the restenosis decreased by 20 t0%55%.

Stent generally features either an expandable oviggerforated tube that is inserted into
an artery to prevent or counteract a disease-imtlmealized blood flow constriction. The
first stent was introduced and implanted by Détter treat arterial shrinkage. Clinical
utilization of stents has been widely acceptedha 1990s to improve the limitations of
balloon angioplasty, such as restenosis and ahmmsures of the arteriés’® However,
potential limitations, such as restenosis,** migrations> ** collapses? ** or positioning
difficulties™® are still seen in clinical utilization of stensmong these potential limitations,
restenosis has become the main bottleneck to trelafement of stenting techniqu&s’

There are several mechanisms that lead to resterids principal etiology of restenosis

is inflammatory response around the angioplasty, sithich induces a tissue proliferation



(neointimal hyperplasia) around the angioplaste'8it'® Moreover, these inflammatory
responses were caused by fracture of the intefasfie lamina, dissection of the media, and
often extending into the adventitia during stenpansior?” % % 23At the view point of
mechanical properties of stent, major factors @drininducing at inner artery wall are the
foreshortening and the dogbonihg? And, mechanical properties and inner artery priger
of stent are related to the design parameterseott* * **Kastrati et al® showed that the
incidence of restenosis ranged from 20 to 50%, nigipg on the stent design, in a clinical
study of 4,510 stent placements. Issues with reésfpethe design of intravascular stents
generally include: 1) radial stiffness, 2) flexiti] 3) minimal foreshortening (contraction in
length of the stent as dilating the stent), 4) miadidogboning (larger expansion in diameter at
the distal point compared with that at the cemi@ht of the stent as dilating the stent: flaring
of stent ends), 5) minimal longitudinal recoil, ®jnimal radial recoil 7) minimal coverage
area, and 8) fatigue durability?’ These issues are related directly or indirectlyegienosis.

It is widely accepted that finite element (FE) as& is powerful tools for rapid
investigation and improvement of design concepisrpio clinical trials. Rogers et &l.
studied a two-dimensional ballon-artery interactiuring stent placement. Dumoulin and
Cochelirf® evaluated and characterized the mechanical pieperhd behaviors of a balloon
expandable stent. Etave efatompared the performance of two types of stergsryBet al®
assessed the hemodynamics and wall mechanics dfliemece matching stents in a stent-

artery hybrid structure. Chua et %af® 3% %

investigated stent expansion, balloon-stent
interaction, expansion characteristics of slottelet stents in the presence of plagues and
arteries, and the effect of varying the slottedetgbent geometry on its expansion behavior.
Auricchio et a** studied the biomechanical interaction between Ilbdraexpandable stent

I2® assessed the different

and a stenotic artery using three-dimensional Fityais. Lally et a
levels of stress and different restenosis ratdheérmarterial inner wall with plague induced by
two different stent designs.Walke et af® investigated the stent expansion process and
mechanical properties of the intravascular sterthenblood vessel by the experimental and
numerical research. Takashima et &’ studied the characterization of the stress distion

at the contact area between the stent and they arsaérg the mathematical and experimental
modeling. Gay et af® investigated the mechanical behaviors of angitplatents during
and after implantation using a fluid—structure fattion computational technique.
Migliavacca et al® 3% “° assessed the mechanical properties and behavidralion-
expandable stents to determine how the FE methaolll de used to optimize stent designs.

They also compared the performance of stainlegs stents with shape memory alloy stents



by analyzing the stress on the inner arterial vidluced by the expansion of balloon-
expandable stents and self-expandable stents,eandrstrated how the mechanical properties
and behaviors of new generation balloon-expandstelets could be studied accurately with
computational analyses based on the FE method. Véaraj® investigated the transient
expansion behavior of six models of balloon-expatelatents and proposed a new modified
stent based on their comparative study.

Previous studies have not, however, investigatethsient non-uniform balloon
expansion during stent deployment. They thought itheeemed justifiable to model balloon
expansion by considering uniform radial internagsure. Such assumption was based on the
fact that stent is almost uniformly dilated andaflg evenly expanded. That was only true
away from the ends of the stent. Therefore, in otdefully understand the mechanical
properties and behaviors of stent, it is necestgaigonsider a realistic modeling of transient
non-uniform balloon-stent expansion with FE analyBurthermore, previous studies have not
considered a comparative inner wall stress statesta respective difference of stent design
parameters.

Particularly, considering the realistic transiemnsuniform balloon-stent expansion is
especially important because an undesirable forestiag or dogboning driven during stent
deployment can initiate intravascular restenogigies. Thus, for the study of the mechanical
properties and behaviors of foreshortening or dogtipof stent, the realistic transient non-
uniform balloon-stent expansion should be consilekoreover, it is important to consider
not only mechanical characteristics but also it stress related to stent design parameters.

The aim of the current study is to suggest potem&sign parameters capable of
reducing a risk of intravascular restenosis ingiri@hich can be induced by the mechanical
characteristics of stent such as foreshortenindpgboning and the intravascular injury due to
high inner arterial wall stress, through a compeeastudy of recently developed seven
commercial stents using FE analyses of the realisinsient non-uniform balloon-stent

expansion process.



II. MATERIALS & METHODS

Stent FE model

Three-dimensional FE models of seven commerciahtst¢Palmaz-Schatz PS153,
TenaX™, MAC Standard, MAC Q23, MAC Plus, Coroflex, RX t#itMulti-link) were created
using Hypermesh 7.0 (Altair Engineering, Inc., USE)g. 1) based on the manufactures’
specifications. The structural specifications oé tstents are summarized in Table 1. The
Palmaz-Schatz PS 153 stent (Johnson and Johnsphl€4) was manufactured as a tubular
structure composed of a closed rectangular uritaggiout a link structure in the longitudinal
direction of the stent (Fig. la). The TefAxstent (Biotronik, Germany) had a tubular
structure composed of a closed unit cell with awgeated ring pattern and an independent bar
link structure in the longitudinal direction of te&ent (Fig. 1b). The MAC Standard stent (amg
GmbH, Germany) had a tubular structure composeahoépened unit cell with a sinusoidal
curvature and an independent link structure of adkshaped connector arranged
asymmetrically in the longitudinal direction of teéent (Fig. 1c). The MAC Q23 and Plus
stents (amg GmbH, Germany) and the Coroflex s@nBfaun Melsunen AG, Germany) had
a tubular structure composed of an opened unit wih a sinusoidal curvature and an
independent link structure of a bend-shaped cooneatranged symmetrically in the
longitudinal direction of the stent (Fig. 1d-f). @RX Ultra Multi-link stent (Guidant, USA)
was composed of a tubular structure connected lypaned unit cell with a corrugated wave
pattern and an independent straight-line link stmecarranged in the longitudinal direction of
the stent (Fig. 1g). The final FE models of thentgeonsisted of 16,320 to 27,584 eight-node
linear brick solid elements (C3D8R). The morphotadjiconstruction and a number of nodes
and elements of seven commercial stents were sugedain Table 2. Here, two layers of
elements were considered for representation oétitoe thickness of the stent. One layer of the
strut of the stents was therefore consisted of B 613,792 eight-node linear brick solid
elements. To avoid inaccuracy of FE results dusmpmoper mesh on the curved portion of the
FE model, a great number of elements were incotpdramto the curved portion compared
with elements used for the straight portion of fteut of the stent. Here, the ratio of the

elements incorporated into the curved to the dttgigrtions was average 2 to 1.
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a) Palmaz-Schatz PS 153 stent (Johnson and JoRuspbd SA)

T .
- 5C 5% r

gé_gx:.—s;)é

b) Tenax" stent (Biotronik, Germany)

d) MAC Q23 stents (amg GmbH, Germany)
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e) MAC Plus stents (amg GmbH, Germany)

f) Coroflex stent (B. Braun Melsunen AG, Germany)

g) RX Ultra Multi-link stent (Guidant, USA)

Figure 1. Final three-dimensional FE models of ses@mmercial stents.



Table 1. Structural specifications of the sevenmential stents analyzed in the current study,

determined based on the manufactures’ specification

Unit Cell
General Structural Parameters for the Stent Structural

Structural Parameters
in the Link Structure

Parameters
Stent \ ltem
Outer Inner Strut ) Strut Strut
) ) _ Length  Strut Width )
Diameter Diameter Thicknes Width Length
(mm) (mm)
(mm) (mm) s (mm) (mm) (mm)
Palmaz-Schatz PS153 1.484 1.389 0.095 16.0 0.106 0.106 3.720
Tenax 1.780 1.695 0.085 15.1 0.083 0.199 0.834
MAC Standard 1.800 1.715 0.085 16.8 0.125 0.125 813.5
MAC Q23 1.800 1.715 0.085 16.8 0.126 0.100 2.764
MAC Plus 1.764 1.669 0.095 15.0 0.125 0.125 3.487
Coroflex 1.725 1.630 0.095 15.9 0.136 0.135 1.647
RX Ultra Multi-link 1.764 1.669 0.095 15.0 0.097 006 1.382

Table 2. Morphological construction and a humbenades and elements of seven commer-

cial stents.
Type of Type of Number of Number of
Stent \ Item . .
Unit Cell Link Structure Nodes Elements
Palmaz-Schatz PS153 No Connector 31558 13956
Closed
Tenax Bar 34965 15720
MAC Standard 30795 14180
MAC Q23 36819 16760
Bend Shaped
MAC Plus Opened 38052 18048
Coroflex 58563 26118
RX Ultra Multi-link Straight Line 59742 27584




Balloon-catheter FE model

The three-dimensional FE model of the stent ballas also built using Hypermesh 7.0
based on the actual contours of the balloon (FigDRring the initial phase of expansion, the
balloon was represented by folding the membrane @ntinit cell (hereafter called the “unit
folder”) as shown in Fig. 2a. Then, five unit foldewere considered in a cutaway cross-
sectional view. For each unit folder, the membnaas tri-folded, resulting in the formation of
three layers, based on the fact that an actuaddralls usually tri-folded before being crimped
onto the stentand on the necessary and sufficient condition thatmembrane must be
unfolded completely at the final phase of the esam The outer radius of the balloan, (
from the first membrane layer to the center of ladoon), middle radius of the balloomn,(
from the second membrane layer to the center ob#étleon), and inner radius of the balloon
(rs, from the third membrane layer to the center @&f lalloon) were about 0.59, 0.56, and
0.53mm, respectively, and the lengths of the fids}, second @,), and third ¢5) membranes
were 0.74, 0.71, and 0.68mm, respectively. Thes&lgil a target balloon diametek)(of
about 3.60 mm at the final phase of the expansidrich is larger than a typical original
coronary artery diameter. In generally, typicalgoral coronary artery diameter is about
3.00mm> *° However, larger scale balloon diameter (3.60mmg applied for apparent effect
during stent deployment in this study. Other stitaltparameters and their values considered
in the current study are shown in Fig. 2. The fiR&E models of the balloon consisted of
10,700 four-node shell elements (S4R) and 10,7Q0-dode hydrostatic fluid elements
(F3D4) (Fig. 2). A thickness of 0.033mm measureanfithe actual membrane of the balloon
was assigned to the shell elements. The hydrodtaiit elements were used to simulate the
balloon expansion by changing the amount of flaid ifluid-filled cavity. This process will be
explained in detail below.

The shaft in the catheter that allows fluid to hjedted into the balloon was developed as
a rigid body to establish a datum point for thddmai expansion (Fig. 2). The diameter of the
shaft was matched to the caliber of the ballooun, the length of the shaft was slightly larger
than that of the balloon (Fig. 2).
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Figure 2. Final three-dimensional FE model of ttadldon for the stent and its schematic
diagram at a cutaway cross-sectional view used lltstriate the tri-folded

membrane in the unit folder and the structural petars of the balloon.



Normal & stenosed artery FE model

The three dimensional FE model of normal artery astmhosed artery were also built
using Hypermesh 7.0 based on the literature (Fid> Bhe normal artery was modeled as an
idealized vessel and represented by a cylinder eitbr diameter of 3.6mm (inner diameter :
3mm, thickness : 0.3mm) (Fig. 3a). Length of normdéery model was different with each
stent. To avoid the trouble related to expansiog. (®cession of stent-balloon FE model and
artery FE model), it has about 5mm longer thantstdangth to both ends. The stenosed
arteries were modeled as normal artery with a ipedicrescent shaped axisymmetric stenosis
with minimum lumen diameter of 1.8mm and 2.4mm (Rig-c). The plaque corresponds to a
maximum stenosis of about 36% and 64% of the prakiamd distal lumen cross-sectional
area. For a precise measuring of foreshortenimgttheof plague was same as each stent’s
length. The final FE models of the normal arterysisted of 31,563 to 35,154 eight-node
linear brick solid elements (C3D8R). Here, thregeta of elements were considered for
representation of the thickness of the normal wrt®me layer of the artery was therefore
consisted of 10,521 to 11,718 eight-node lineaskasblid elements. And also, stenosed artery
consisted of 124,866 to 136,556 (36% stenosed add| 156,366 to 167,516 (64% stenosed
model) eight-node linear brick solid elements. Awmilar as a normal artery, two layers of
elements were considered for representation oftilckness of the stenosed artery. One layer
of the plague was therefore consisted of 62,43%Bt878 (36% stenosed model) and 78,183 to
83,758 (64% stenosed model) eight-node linear lzidkl elements.

To prevent an inaccuracy of FE results due to ut@gmesh size of artery FE model, a
size of constituent elements of every artery FE ef®avere similar. Here, the volume of the

elements were about 2.5°.



a) Normal artery (Inner diameter : 3.0mm)

Artery wall

Stenotic plaque

b) 36% stenosed artery (Minimum inner diametergmin)

c) 64% stenosed artery (Minimum inner diameter8min)

Figure 3. Final three-dimensional FE models of redri& stenosed arteries. Thickness of

artery wall is 0.3mm.

10



Constitutive material models

The stents were assumed to be made of stainle=ds34t@l , which had an elasto-plastic
constitutive behavior obtained from an engineestgss-strain curve reported by Albertini
and Montagnaril' The general mechanical properties of this mateviale 196GPa for the
elastic modulusH), 308MPa for the yield stres¥, and 0.33 for the Poisson ratig).{*

The balloon was assumed to be made of high-depsliyppropylene that had an isotropic
linear elasticity. The mechanical properties of thaterial were then determined from the
literature E: 1GPa,Ys. 90MPa, and: 0.33)*

The artery and the plaque were modeled using a&apser third-order MooneRivlin
hyperelastic constitutive equation. MoonBylin hyperelastic model has been found to
adequately describe the non-linear stress-straatigeship of elastic arterial tissd&.The
material properties of the arterfuf: 18.90KPaAq: 12.7KPaAy: 85.72KPaAy;: 590.43KPa,
Other Values: OKPa) and plaqueAfy: -495.96KPaAq: 506.61KPaAy: 1193.53KPaA;:
3637.8KPa, Ay : 4737.25KPa, Other Values. OKPa) were then determined from the

literature®

Boundary and contact conditions

Three boundary conditions were assigned to the ehtise balloon, to the shaft of the
catheter and to the ends of the artery, and foatacd conditions were used between the
folded membranes of the balloon, between the stedithe balloon, between the stent and the
artery (or plaque) and between the balloon andattery (or plaque) (Fig. 4). A pin joint
boundary condition was used for the balloon basedhe fact that the balloon generally
expands to an ellipsoid form, as shown in Fig. 4fixed joint boundary condition was
assigned to the rigid-body shaft of the cathetemtoid movement of the catheter in all
directions during the balloon expansion. A fixethjdoundary condition was also assigned to
the ends of the artery to avoid movement of therarin all directions during the balloon
expansion. Surface-to-surface contact conditiongwsed between the stent and the balloon,
between the stent and the artery (or plaque) atwiele@ the balloon and the artery (or plaque),
while surface-to-surface and self-contact condgiamere used for the folded membranes

during the expansion of the balloon.
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Figure 4. Boundary and contact conditions usedhitefelement analysis.
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Simulation of the transient non-uniform balloon-stent expansion

The transient non-uniform balloon simulation wasfaened in three steps. First, the
simulation mimicked the free expansion of the stamtil the initial radius ; = 0.59mm) of
the balloon reached the value of the initial innedius of the stents(= 0.69mm for the
Palmaz-Schatz PS153 stent, 0.85mm for the T&hatent, 0.86mm for the MAC Standard
and Q23 stents, 0.83mm for the MAC Plus stent, far@ZXor the Coroflex stent, and 0.83mm
for the RX Ultra Multi-link stent). Second, the sitation was used to examine dogboning to a
diameter of 3.6mm, corresponding to a slightly éarthan the typical inner diameter of an
artery> *° Finally, the simulation was used to investigate$hortening after the balloon was
removed. The stents were then unloaded, decredabmgnternal pressure to zero. The
definition of the mechanical properties and behawidl be explained in detail below.

The balloon-stent expansion was performed by ctimgathe features of the hydrostatic
fluid elements. A pneumatic flow at 15atm and steroom temperature was used for the
stent, with an amplitude option that allowed adbyigrtime variations of the amount of fluid
mass (fluid mass flow rate) to be supplied througtbe simulation. A fluid flux option was
used to specify changes in the fluid mass of theddilled cavity modeled with the
hydrostatic fluid elements. Thus the balloon-segansion was controlled by a change in the
amount of fluid mass (volume controlled process).

The ABAQUS 6.7 package (Dassault Systemes, Inoyi@ence, RIl, USA) was used to
solve the FE models. Both the explicit and impl&kBAQUS commercial packages on IBM
p690 systems at KISTI Super Computing center (extat Yuseong-gu, Daejeon-si, Korea)
were used for all steps.

13



Validation of the FE simulations

Sensitivity (convergence) tests of the stent FE efodvere performed to identify the
influence of the number of elements on the FE tsstihe number of elements for each stent
FE model was 0.5 times decreased (coarsest mesalnwodl.5 times increased (finest mesh
model) gradually relative to the original mesh moflesed in the current study), and the
resulting foreshortening and dogboning values wexamined and compared. Additional
temporal sensitivity tests were also conducted gBcying explicit time integration for all
stent FE models in the original mesh model. F®& thimporal sensitivity tests, time period of
the step was altered from 130 to 170 at an intes¥/al0, and a degree of convergence of FE
simulation for each time period and difference lesw the FE results obtained from the
defined time periods were examined and compardu ewith other.

Validation of our FE simulations of stent-balloorxpansions was performed by
comparing our predicted expansion process, asagethe diameter and internal pressure at

five points of interest (POIs) (Fig. 5) with expeent results analyzed from the literater@:
29

No.1 No.2 No.3 No.4 No.5

Figure 5. Five POls used for to validate the FEusation for the transient non-uniform

balloon-stent expansion process. The relationséipéden the internal pressure and
the diameter of the balloon-stent during the tramsinon-uniform balloon-stent

expansion process was identified using the FE ptieds at the POIs.
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Comparative study
A. Foreshortening and dogboning

The evaluation of the stents focused on analyzimg mechanical properties and
behaviors of foreshortening and dogboning, whicbldde influenced by the characteristics
of the balloon-stent expansion, to identify potaintiesign parameters that reduce restenosis
induced by undesirable mechanical stress on ther imerial wall: > ?* ?°In general, the stent
must be deployable to various locations in artdériessimple and safe manner, and be capable
of expanding the wall of the artehy? ® ?* 2" 2% 3The stent must have a sufficiently high
plastic ductility (indexed by flexibility or radiatiffness) and low elastic recoil (indexed by
longitudinal or radial recoil). ** ?* ® These mechanical requirements are of crucial
importance and must be achieved by the specifigdesd material used for the stent to give
a high tensile strength, yield strength, and decyileld. However, the current study was
focused on the mechanical properties and behasfdseshortening and dogboning.

The following equatior’s®* were used to define foreshortening and dogboning:

L — Lload
Foreshortening = T x100% 1)

load __ pload
RPOI RéoadRmtral X 10(})/(:
istal

where L', R . and R are the longitudinal length, the central radiusg a

Dogboning = (2)

the radius at the POI of the stent, respectivelier ahe loading due to the stent-balloon

expansion, and is the initial length of the stent.

15



B. Aperture areas
The evaluation of the stents focused on analyzieginner arterial wall stress, which
could be influenced by the geometrical and morptickd characteristics, to identify potential
design parameters that reduce restenosis inducadd®sirable mechanical stress on the inner

arterial wall’ ** 2" *The following equation was used to define apertueas:

( 7D expX L EXP) - Asent
A t 1 ’
rea per aperture zone Number of Aperture 3

where Dexp, Lexp, and Asent are the diameter of expanded stent, the length of

expanded stent, contact area of expanded stepeatbgely, after the loading due to the stent-

balloon expansion (Fig. 6).

Contact area
Aperture are of sten

Figure 6. lllustration of terms used for « area per aperture.
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lll. RESULTS

Accuracy of the FE simulation

The sensitivity test identifying the influence dfet number of elements on the FE
simulation results showed that the percent diffeesrin the results between the original mesh
and the other meshes were generally within appratéim 0.4% for the coarsest mesh and
approximately 0.2% for the finest mesh. This facli¢ates that it is possible to conclude that
a number of elements are not sensitive to the ggiihement of the mesh. The additional
temporal sensitivity test performed by specifyingpleeit time integration showed that the FE
simulation was convergent over 150 time period &he differences between the FE
simulation results obtained over 150 time periodemgithin almost 0%. These facts indicate
that it is possible to conclude that the FE resalésnot sensitive to the time period over 150.
Based on these facts, the original mesh and the tibé® period were used for all FE
simulations performed in the current study. Thecpss of real transient non-uniform balloon-
stent expansion is shown in Fig#*7The pattern of the transient non-uniform ballotens
expansion of our FE model at four different inssaahtiring the expansion process is shown in
Fig. 8. Only the expansion pattern for Palmaz-ScR8153 stent is shown because all stents
had similar expansion patterns. The radial dispres# (volume change) in the distal region
of the stent was larger than the central displacemethe second and third instants shown in
the Fig. 8. b and c. However, the radial displac@nethe distal region of the stent was equal
to the central displacement at the fourth instdwaws in the Fig. 8. d, corresponding to the
final phase of the expansion. These results cordpfreorably with those reported in the
literature®> ** % The pressure-diameter curves for the transientumiiorm balloon-stent
expansion process are shown in Fig. 9 for the balkients analyzed in the current study.
Results from the literature are also showit.In the period from the time that fluid was
supplied to the balloon to the time that the balleaas fitted closely to the stent (Phase 1 in
Fig. 9), our FE results indicated that the ballotameter of all the stents was rarely changed.
In the next stage (Phase 2 in Fig. 9) our FE reduit all balloon-stents indicated a large
increase in diameter with little increase in presswhich corresponds to a burst-open or a
chain-reaction deformation of the stent. This miiglklicate that the energy stored in the stent
structure during the expansion of the stent wassfoamed into local plastic deformation so
that the entire structure entered a state of plassitability. Continuously, once all the weak
parts of the stent had deformed plastically, furtagpansion required a high increase in
pressure because of the limitation of the ballogpaesion and the strain hardening of the
stent material (Phase 3 in Fig. 9). The pressuamdier curves predicted from our FE
simulations for all balloon-stents compared favdratith those reported in the literature, as
shown in Fig. §: %
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Phase 1 Phase 2 Phase 3

Figure 7. Process of real transient non-uniforniooal stent expansiof.

a) The first instant (before expansion, one oftiostep time elapsed generally,

corresponded to below 0.23MPa radial internal pmesef stent)

b) The second instant (during expansion, two oftfostep time elapsed generally,

corresponded to 0.23-0.24MPa radial internal pressfistent)

c¢) The third instant (during expansion, three afrfb step time elapsed generally,
corresponded to 0.24-0.27MPa radial internal presstistent)

d) The fourth instant (after expansion, four ofrtbustep time elapsed generally,

corresponded to over 0.27MPa radial internal pressfistent)

Figure 8. Pattern of the transient non-uniformdiattstent expansion at four different instants

during the expansion process. Only the expansidtenpafor the Palmaz-Schatz

PS153 stent is shown a) before expansion, b) anddriig expansion, and d) after

expansion.
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process obtained from the stents analyzed in téweatur and the current study.
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Foreshortening and dogboning of the seven commertistents
A. At the free expansion

The foreshortening and dogboning results for theesecommercial stents at the free
expansion are summarized in Table 3, and Fig. #i0ldn

The foreshortenings, which depended on the georaétriand morphological
characteristics of the stent, were ranged from 0f@®4he MAC Plus stent to 12.9% for the
TenaX™ stent (Table 3 and Fig. 10). For all stents extepMAC Plus, the foreshortening
was occurred abruptly at the radial internal presshetween 0.23MPa and 0.27MPa
(corresponded to regime of the second and thirdumsppeared during the expansion of the
stent shown in Fig. 8), and was remained in an siroonstant value after the radial internal
pressure of 0.27MPa (corresponded to regime offoleth instant appeared during the
expansion of the stent shown in Fig. 7) (Fig. ¥8gnerally, the stents with the closed unit
cells connected to themselves or by a bar linkcstre (Palmaz-Schatz PS153, Telgxhad
higher foreshortening values, whereas the stentstive opened unit cells connected by bend-
shaped connector link structures (MAC Standard, MAGs, and Coroflex except to MAC
Q23) or by an independent straight-line link stawnet (RX Ultra Multi-link) had lower
foreshortening values (Table 3 and Fig. 10).

The dogboning values were positive for all ball@ents, which indicates over-
expansion of the distal points (i.e., POl No.1 - R©.4) of the stent, i.e., when the balloon-
stent expanded, the distal points and the centiat fPOI No.5) of the stent were spread out
sequentially (Table 3 and Fig. 8 and 11). The maxmdogboning value for each stent was
ranged from 19.4% for the MAC Plus stent to 64.386 the Palmaz-Schatz PS153 stent
(Table 3 and Fig. 11). For the POls (POI No.1 — Ri©I4) of all stents, the dogboning was
occurred suddenly at the radial internal pressuswéen 0.23MPa and 0.27MPa
(corresponded to regime of the second and thirdumsppeared during the expansion of the
stent shown in Fig. 8), and was reduced and remaimen almost constant value after the
radial internal pressure of 0.27MPa (corresponadedeyime of the fourth instant appeared
during the expansion of the stent shown in Fig.s8jilar to the foreshortening results (Fig.
11). Generally, for the POI No. 1, the stents wiith closed unit cells connected to themselves
(Palmaz-Schatz PS153) had higher dogboning valee 60%, whereas the stents with the
closed unit cells connected by a bar link struci@ifenaX™) or with the opened unit cells
connected by bend-shaped connector link structiMésC Standard, MAC Q23, MAC Plus,
and Coroflex) or by an independent straight-linek Istructure (RX Ultra Multi-link) had
lower dogboining values below 60% (Table 3 and Efj. Here, a tendency for the results of
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the dogboning values for other POIls was similathed for POl No. 1 (Table 3 and Fig. 11).
Additionally, the results of the dogboning valué®wed that the stents with the closed unit
cells connected to themselves (Palmaz-Schatz P%it58ith the opened unit cells connected
by an independent straight-line link structure (RIra Multi-link) had large differences
among the dogboning values on the POls (9.8-48@% &lmaz-Schatz PS153, 4.5-42.7% for
RX Ultra Multi-link), whereas the stents the closadt cells connected by a bar link structure
(TenaxX™) or with the opened unit cells connected by bemaped connector link structures
(MAC Standard, MAC Q23, and MAC Plus except to Gleeg had relatively small
differences among the dogboning values on the ROB22.6% for TenadX', 1.2-26.5% for
MAC Standard, 7.0-27.4% for MAC Q23, 2.2-11.6% K&AC Plus, 10.2-39.2% for Coroflex)
(Table 3). Here, from the magnitude of the diffena degree of injury risk on the inner
arterial wall induced by the dogboning can be etgu&cThat is, if the difference is small, the
stent is expanded evenly at the distal points efstient, resulting in a reduction of restenosis
risk.

Table 3. Summarized quantitative results of theshortening and dogboning behaviors of the

seven commercial stents at the free expansion.

Stent Maximum Maximum Dogboning (%)

Foreshortening (%) POINo.1 POINo.2 POINo.3 POINo. 4

Palmaz-Schatz PS153 6.8 64.3 51.1 41.3 15.7
TenaX" 12.9 46.4 42.1 33.3 23.7
MAC Standard 1.3 59.0 47.9 46.7 325
MAC Q23 7.2 54.3 46.8 33.9 26.9
MAC Plus 0.0 194 17.1 14.7 7.8

Coroflex 4.5 48.0 37.8 21.3 8.8

RX Ultra Multi-link 3.4 54.1 49.6 22.3 11.4
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Figure 10. Forshortening (%) along with radial ingd pressure (MPa) during the transient
non-uniform balloon-stent expansion process obthinem the stents analyzed at

the free expansion.
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Figure 11. Dogboning (%) along with radial interpa¢ssure (MPa) during the transient non-

uniform balloon-stent expansion process obtainedhfthe stents analyzed at the

free expansion.
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B. At the normal artery

The foreshortening and dogboning results for theseommercial stents at the normal
artery are summarized in Table 4, and Fig. 12 &d 1

The foreshortenings, which depended on the georaétriand morphological
characteristics of the stent, were ranged from 1f6f4he MAC Plus stent to 6.5% for the
Palmaz-Schatz PS153 stent (Table 4 and Fig. 1)tr&y to results of free expansion, the
foreshortening was occurred abruptly at the ragitdrnal pressure between 0.23MPa and
0.27MPa (corresponded to regime of the second aid instant appeared during the
expansion of the stent shown in Fig. 8), and wasaieed in an almost constant value after the
radial internal pressure of 0.27MPa (corresponadedeyime of the fourth instant appeared
during the expansion of the stent shown in Figo8gll stents (Fig. 12). Generally, the stents
with the closed unit cells connected to themsetweby a bar link structure (Palmaz-Schatz
PS153, TendX') had higher foreshortening values, whereas thetssteith the opened unit
cells connected by bend-shaped connector link tsires (MAC Standard, MAC Plus, and
Coroflex except to MAC Q23) or by an independemaight-line link structure (RX Ultra
Multi-link) had lower foreshortening values (Taldlend Fig. 12).

The dogboning values were positive for all ball@ents, which indicates over-
expansion of the distal points (i.e., POl No.1 - R©.4) of the stent, i.e., when the balloon-
stent expanded, the distal points and the centiat fPOI No.5) of the stent were spread out
sequentially (Table 4 and Fig. 8 and 13). The maximndogboning value for each stent was
ranged from 15.4% for the MAC Q23 stent to 56.9%tfe TenaX" stent (Table 4 and Fig.
13). For the POIls (POI No.1 — POI No.4) of all s¢etthe dogboning was occurred suddenly
at the radial internal pressure between 0.23MPa0a2idMPa (corresponded to regime of the
second and third instant appeared during the eiga$ the stent shown in Fig. 8), and was
reduced and remained in an almost constant vataethg radial internal pressure of 0.27MPa
(corresponded to regime of the fourth instant apmkaluring the expansion of the stent
shown in Fig. 8), similar to the foreshorteningules (Fig. 13). Generally, for the POI No. 1,
the stents with the closed unit cells (Palmaz-ScR&153, Tend¥X) had higher dogboning
value over 50%, whereas the stents with the opemédcells connected by bend-shaped
connector link structures (MAC Standard, MAC Q28 &AC Plus except to Coroflex) or by
an independent straight-line link structure (RXr&IMulti-link) had lower dogboining values
below 50% (Table 4 and Fig. 13). Here, a tendencyte results of the dogboning values for
other POls was similar to that for POl No. 1 (Tabland Fig. 13). Additionally, the results of

the dogboning values showed that the stents wélctlibsed unit cells connected to themselves
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(Palmaz-Schatz PS153) had large differences anmi@nddgboning values on the POls (11.8-
43.4% for Palmaz-Schatz PS153), whereas the dtemtslosed unit cells connected by a bar
link structure (TenaX!) or with the opened unit cells connected by bemapsd connector
link structures (MAC Standard, MAC Q23, MAC PlusdaCoroflex) or with the opened unit
cells connected by an independent straight-lin& Btructure (RX Ultra Multi-link) had
relatively small differences among the dogbonintyes on the POls (4.2-29.8% for TefAx
3.9-28.1% for MAC Standard, 2.4-13.2% for MAC Q®3-19.6% for MAC Plus, 7.8-32.7%
for Coroflex, 7.3-23.7% for RX Ultra Multi-link) (@ble 4). Here, from the magnitude of the
difference, a degree of injury risk on the inngegal wall induced by the dogboning can be
expected. That is, if the difference is small, skent is expanded evenly at the distal points of

the stent, resulting in a reduction of restendsis r

Table 4. Summarized quantitative results of thegbortening and dogboning behaviors of the

seven commercial stents at the normal artery.

Stent Maximum Maximum Dogboning (%)
Foreshortening (%) POINo.1 POINo.2 POINo.3 POINo. 4

Palmaz-Schatz PS153 6.5 53.9 37.7 25.8 10.5
Tenax" 4.7 56.9 34.5 38.8 27.1

MAC Standard 1.5 41.4 37.5 30.1 13.3
MAC Q23 52 154 7.2 4.7 2.2
MAC Plus 1.0 31.0 31.2 24.8 11.6
Coroflex 24 51.9 44.0 33.0 19.2

RX Ultra Multi-link 1.5 41.3 33.9 26.6 17.6
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Figure 12. Forshortening (%) along with radial ined pressure (MPa) during the transient
non-uniform balloon-stent expansion process obthinem the stents analyzed at
the normal artery.
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Figure 13. Dogboning (%) along with radial interpa¢ssure (MPa) during the transient non-
uniform balloon-stent expansion process obtainedhfthe stents analyzed at the
normal artery.
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C. At the 36% stenosed artery

The foreshortening and dogboning results for theesecommercial stents at the 36%
stenosed artery are summarized in Table 5, andLBignd 15.

The foreshortenings, which depended on the georaétriand morphological
characteristics of the stent, were ranged from 0f8f4he MAC Plus stent to 7.0% for the
Palmaz-Schatz PS153 stent (Table 5 and Fig. 14)ofmmmon with results of normal artery,
the foreshortening was occurred abruptly at théataaternal pressure between 0.23MPa and
0.27MPa (corresponded to regime of the second aid instant appeared during the
expansion of the stent shown in Fig. 8), and wasaieed in an almost constant value after the
radial internal pressure of 0.27MPa (corresponadedeyime of the fourth instant appeared
during the expansion of the stent shown in Figo8gll stents (Fig. 14). Generally, the stents
with the closed unit cells connected to themsetweby a bar link structure (Palmaz-Schatz
PS153, TendX') had higher foreshortening values, whereas thetssteith the opened unit
cells connected by bend-shaped connector link tsires (MAC Standard, MAC Plus, and
Coroflex except to MAC Q23) or by an independemaight-line link structure (RX Ultra
Multi-link) had lower foreshortening values (Tallend Fig. 14).

The dogboning values were positive for all ball@ents, which indicates over-
expansion of the distal points (i.e., POl No.1 -4 R©.4) of the stent, i.e., when the balloon-
stent expanded, the distal points and the centiat fPOI No.5) of the stent were spread out
sequentially (Table 5 and Fig. 8 and 15). The maximdogboning value for each stent was
ranged from 18.0% for the MAC Q23 stent to 52.3% tfte Palmaz-Schatz PS153 stent
(Table 5 and Fig. 15). For the POls (POI No.1 — Ri0l4) of all stents, the dogboning was
occurred suddenly at the radial internal pressuswéen 0.23MPa and 0.27MPa
(corresponded to regime of the second and thirdumsppeared during the expansion of the
stent shown in Fig. 8), and was reduced and remamean almost constant value after the
radial internal pressure of 0.27MPa (corresponadedeyime of the fourth instant appeared
during the expansion of the stent shown in Fig.s8jilar to the foreshortening results (Fig.
15). Generally, for the POI No. 1, the stents wiith closed unit cells connected to themselves
(Palmaz-Schatz PS153) had higher dogboning valee 50%, whereas the stents with the
closed unit cells connected by a bar link struci@ifenaX™) or with the opened unit cells
connected by bend-shaped connector link structiMésC Standard, MAC Q23, MAC Plus,
and Coroflex) or by an independent straight-linek Istructure (RX Ultra Multi-link) had
lower dogboining values below 50% (Table 5 and ER). Here, a tendency for the results of
the dogboning values for other POIls was similathed for POl No. 1 (Table 5 and Fig. 15).

26



Additionally, the results of the dogboning valué®wed that the stents with the closed unit
cells connected to themselves (Palmaz-Schatz PSit58ith the opened unit cells connected
by an independent straight-line link structure (RIXra Multi-link) had large differences
among the dogboning values on the POIls (11.4-44@%almaz-Schatz PS153, 7.3-31.8%
for RX Ultra Multi-link), whereas the stents theoséd unit cells connected by a bar link
structure (TenaX') or with the opened unit cells connected by bemaped connector link
structures (MAC Standard, MAC Q23, and MAC Pluseptdo Coroflex) had relatively small
differences among the dogboning values on the RD815.0% for TenadX', 6.0-26.4% for
MAC Standard, 1.7-15.7% for MAC Q23, 1.1-20.2% K&AC Plus, 9.6-33.3% for Coroflex)
(Table 5). Here, from the magnitude of the diffena degree of injury risk on the inner
arterial wall induced by the dogboning can be etgrecThat is, if the difference is small, the
stent is expanded evenly at the distal points efstient, resulting in a reduction of restenosis

risk.

Table 5. Summarized quantitative results of thegbortening and dogboning behaviors of the

seven commercial stents at the 36% stenosed artery.

Stent Maximum Maximum Dogboning (%)
Foreshortening (%) POINo.1 POINo.2 POINo.3 POINo. 4

Palmaz-Schatz PS153 7.0 52.3 37.2 25.8 8.0
Tenax" 3.0 249 221 13.1 9.9

MAC Standard 1.0 39.8 33.8 25.0 13.4
MAC Q23 4.8 18.0 7.2 4.0 2.3
MAC Plus 0.8 30.8 29.7 23.3 10.7
Coroflex 2.3 49.9 39.0 26.3 16.6

RX Ultra Multi-link 14 40.9 33.6 21.0 9.1
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Figure 14. Forshortening (%) along with radial ined pressure (MPa) during the transient
non-uniform balloon-stent expansion process obthinem the stents analyzed at
the 36% stenosed artery.
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Figure 15. Dogboning (%) along with radial interpa¢ssure (MPa) during the transient non-

uniform balloon-stent expansion process obtainedhfthe stents analyzed at the

36% stenosed artery.
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D. At the 64% stenosed artery

The foreshortening and dogboning results for theesecommercial stents at the 64%
stenosed artery are summarized in Table 6, andlbignd 17.

The foreshortenings, which depended on the georaétriand morphological
characteristics of the stent, were ranged from 0f@%he MAC Standard stent to 5.3% for the
Palmaz-Schatz PS153 stent (Table 6 and Fig. 16)ommon with results of previous
simulations (at the normal artery and at the 36énhaded artery), the foreshortening was
occurred abruptly at the radial internal pressatsvben 0.23MPa and 0.27MPa (corresponded
to regime of the second and third instant appedteihg the expansion of the stent shown in
Fig. 8), and was remained in an almost constanievalfter the radial internal pressure of
0.27MPa (corresponded to regime of the fourth mtstégpeared during the expansion of the
stent shown in Fig. 8) for all stents (Fig. 16).n€ary to previous two results (at the normal
artery and at the 36% stenosed artery), the stgitts the closed unit cells connected to
themselves (Palmaz-Schatz PS153) or with the openiédells connected by an independent
straight-line link structure (RX Ultra Multi-linkpad higher foreshortening values, whereas
the stents with the opened unit cells connectedodryd-shaped connector link structures
(MAC Standard, MAC Plus, and Coroflex except to M&R23) or with the closed unit cells
connected by a bar link structure (TeH3xhad lower foreshortening values (Table 6 and Fig.
16).

The dogboning values were positive for all ball@ents, which indicates over-
expansion of the distal points (i.e., POI No.1 -4 R©.4) of the stent, i.e., when the balloon-
stent expanded, the distal points and the cendiak POl No.5) of the stent were spread out
sequentially (Table 6 and Fig. 8 and 17). The maxindogboning value for each stent was
ranged from 28.3% for the Terfdkstent to 50.0% for the RX Ultra Multi-link stergble 6
and Fig. 17). For the POIs (POI No.1 — POI No.4pbfstents, the dogboning was occurred
suddenly at the radial internal pressure betwe@3MPa and 0.27MPa (corresponded to
regime of the second and third instant appeareidgltine expansion of the stent shown in Fig.
8), and was reduced and remained in an almostamingtlue after the radial internal pressure
of 0.27MPa (corresponded to regime of the fouritant appeared during the expansion of the
stent shown in Fig. 8), similar to the foreshomegniesults (Fig. 17). Contrary to previous two
results (at the normal artery and at the 36% sthastery), for the POI No. 1, the most of
stents (Palmaz-Schatz PS153, MAC Standard, MAC, Rlasoflex, and RX Ultra Muli-link)
had higher dogboning value over 40% without refeeeto any morphological characteristics,

whereas the stents with the closed unit cells cotedeby a bar link structure (Terdy or
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with the opened unit cells connected by bend-shayeahector link structures (MAC Q23)
had lower dogboining values below 40% (Table 6 &gl 17). Here, a tendency for the
results of the dogboning values for other POls siaslar to that for POI No. 1 (Table 6 and
Fig. 17). Additionally, the results of the dogbomimalues showed that the stents with the
closed unit cells connected to themselves (Palncazatd PS153) or with the opened unit cells
connected by an independent straight-line link cstme (RX Ultra Multi-link) had large
differences among the dogboning values on the R@#45.0% for Palmaz-Schatz PS153,
9.4-37.3% for RX Ultra Multi-link), whereas the ste the closed unit cells connected by a bar
link structure (TenaX') or with the opened unit cells connected by bemapsd connector
link structures (MAC Standard, MAC Q23, and MAC ®kxcept to Coroflex) had relatively
small differences among the dogboning values onPtBés (12.0-20.6% for Ten&% 11.9-
21.0% for MAC Standard, 8.8-19.5% for MAC Q23, 23.4% for MAC Plus, 12.7-27.5%
for Coroflex) (Table 6). Here, from the magnitudetee difference, a degree of injury risk on
the inner arterial wall induced by the dogboning ba expected. That is, if the difference is
small, the stent is expanded evenly at the digiaitp of the stent, resulting in a reduction of

restenosis risk.

Table 6. Summarized quantitative results of thegbortening and dogboning behaviors of the

seven commercial stents at the 64% stenosed artery.

Stent Maximum Maximum Dogboning (%)

Foreshortening (%) POINo.1 POINo.2 POINo.3 POINo. 4

Palmaz-Schatz PS153 5.3 499 34.7 254 49

Tenax" 2.7 28.3 23.7 11.7 3.1

MAC Standard 0.8 42.7 30.9 18.9 9.9

MAC Q23 44 31.8 26.5 17.7 7.0

MAC Plus 2.3 40.5 34.9 25.8 11.5

Coroflex 3.2 49.9 40.7 28.1 13.2

RX Ultra Multi-link 4.3 50.0 40.7 31.0 12.7
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uniform balloon-stent expansion process obtainedhfthe stents analyzed at the
64% stenosed artery.
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Inner arterial wall stress of the seven commerciadtents

The inner arterial wall stress results for the sesemmercial stents are summarized in
Fig. 18.

The inner normal artery wall stresses, which depdnén the geometrical and
morphological characteristics of the stent, werggeal from 0.399MPa for the Terldxstent
to 1.465MPa for the Coroflex (Fig. 18a). The in3&26 stenosed artery wall stresses were
ranged from 0.632MPa for the Ted¥xstent to 6.102MPa for the Coroflex (Fig. 18b). The
inner 64% stenosed artery wall stresses were rafiged0.943MPa for the Tend% stent to
6.906MPa for the Coroflex (Fig. 18c).

In common with results of previous simulations €hortening and dogboning of seven
commercial stents), the maximum inner arterial wakss was occurred abruptly at the radial
internal pressure between 0.23MPa and 0.27MPae&uonded to regime of the second and
third instant appeared during the expansion ofteat shown in Fig. 8), and was remained in
an almost constant value after the radial intepnassure of 0.27MPa (corresponded to regime
of the fourth instant appeared during the expanefathe stent shown in Fig. 8) for all stents
(Fig. 18). Contrary to previous results (foreshoirtg and dogboning of seven commercial
stents), the stents with the opened unit cells eotmad by bend-shaped connector link
structures (Coroflex and MAC Plus) or with the opénunit cells connected by an
independent straight-line link structure (RX Ultvaulti-link) had higher inner arterial wall
stress values, whereas the stents with the closidells connected to themselves (Palmaz-
Schatz PS153) or with the closed unit cells coretktiy a bar link structure (Ternd) had
lower inner arterial wall stress values (Fig. 18).

Here, in spite of the stents with the opened ueilscconnected by bend-shaped
connector link structure, some stents (MAC Standardi MAC Q23) had lower inner arterial
wall stress values. For this reason, besides theviqurs results (geometrical and
morphological characteristics in connection withrehortening and dogboning of seven
commercial stents), other design parameters foredsing of inner arterial wall stress values

would be exist.
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Aperture area of the seven commercial stents

The aperture area results for the seven commesteiats are summarized in Table 7.

The aperture areas, which depended on the geoaletrid morphological characteristics
of the expanded stent, were ranged from about 1%fonthe TenaX" stent to 7.1mrnfor
the Coroflex (Table 7). In common with results eéyious simulations (inner arterial wall
stress of seven commercial stents), the stents thvtlopened unit cells connected by bend-
shaped connector link structures (Coroflex and MRIDs) or with the opened unit cells
connected by an independent straight-line linkcitne (RX Ultra Multi-link) had higher
aperture areas, whereas the stents with the clasiedells connected to themselves (Palmaz-
Schatz PS153) or with the closed unit cells coretetly a bar link structure (Tendy had
lower aperture areas (Table 7). And also, in commith results of previous simulations
(inner arterial wall stress of seven commerciahtsfe some stents (MAC Standard and MAC
Q23) had lower aperture areas. For this reasorgse of inner arterial wall stress, it related to
aperture area after stent-balloon expansion rathan geometrical and morphological
characteristics of the stent. Additionally, theulesof the aperture areas showed that TBhax
(1.5mnf), MAC Standard (3.2mf), Palmaz-Schatz PS153 (3.5AmMMAC Q23 (3.8mm),
MAC Plus (4.8mrf), RX Ultra Multi-link (6.5mnf), Coroflex (7.1mrf) in ascending order
(Table 7). This order was coincided with resultspodvious simulations (inner arterial wall

stress of seven commercial stents).

Table 7. Summarized quantitative results of thetape area of the seven commercial stents.

Areas of Average Areas Relative
Contact Areas
Stent Inner arterial per Aperture Differences
of Stent (mrf)
wall (mnT) Zone (mmn) (TenaX™ based)
Palmaz-Schatz PS153  192.0 25.5 3.5 2.3
TenaxX" 153.3 20.4 1.5 1
MAC Standard 184.2 31.6 3.2 2.1
MAC Q23 178.5 26.8 3.8 2.5
MAC Plus 198.7 30.3 4.8 3.2
Coroflex 226.7 33.9 7.1 4.7
RX Ultra Multi-link 206.6 304 6.5 4.3
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IV. DISCUSSIONS & CONCLUSIONS

It is necessary to understand the relationship éetwthe stent and the balloon, in order
to identify an optimal stent design to minimize tee®sis driven by the mechanical
characteristics of stent such as foreshortenindpgboning and the intravascular injury due to
high inner arterial wall stress. Carter ef“asuggested that an injury to the adjacent arterial
wall during stent deployment is an important deieant of in-stent neointimal formation, and
short transitional edge protection balloon techgglonay be useful to reduce this kind of
injury. Wang et af.also discussed an importance of transient expansiacess of balloon on
the injury to the adjacent arterial wall duringrétdeployment, quoting Squire’s finding that
the manner in which stents are implanted was &akitdeterminant of the degree of injury.
With all these points in mind, how to weaken oridvibese undesirable clinical outcomes is a
key question that must be answered to reduce eraNar injuries caused by foreshortening,
dogboning or inner arterial wall stress. It is,rédfere, especially important to pay attention to
the design of the ends of the stent-balloon assemibh consideration of a realistic transient
non-uniform balloon-stent expansion. This study meyve valuable as the first FE approach
to investigate the design parameters capable ofcieg restenosis induced by foreshortening,
dogboning or inner arterial wall stress by consigra realistic transient non-uniform
balloon-stent expansion.

There are basically two approaches that can be tasddvelop an optimal stent design
by evaluating the mechanical properties of varistesits. The first approach involves directly
measuring the mechanical properties of the stentstdking various balloon-stent
configurations and expanding them to various diansein normal or simulated stenosed
arteries, each with different characteristics. Bu¢he high cost, special construction, minute
dimensions, dynamic characteristics of the defoionatand required animal tests, such a
study would be prohibitively expensive and unachme. The second approach involves
computer analyses employing the FE method. Invlaig, simulations of various stents under
different conditions can be carried out, and thsults can be verified with experimental
measurements of the specific stent behaviors. Adgpthis approach reduces the costs
substantially, thereby making a comparative studyahle proposition. Our FE simulations,
particularly those of the transient non-uniform lbah-stent expansion, were validated
favorably through comparison with experiment resu#ported in the literature and may be
valuable for developing an optimal stent designlevidonsidering various balloon-stents

configurations and different mechanical and physjaal conditions.
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Generally, the validation of FE models and simoladi has been based on standard
checks of the FE method, which should give a smtmatl development, similar stress-strain
plots of the structure against material propertiadand smooth continuous contour lines
across element boundaries. The FE models and giondadeveloped in the current study
were validated integrally and practically by usitigese simple approaches as well as by
comparing with experimental results from the litara. This may translate into more
reasonable results for current and further apptinatof these FE models when studying an
optimal stent design. An appropriate model of ttier&al vessel and the atherosclerotic plaque,
as well as correctly simulating their contact viitle stent, is required to obtain fully accurate
results for the mechanical behavior analysis amdadptimal design of a stent. The lacks of
inclusions of the blood vessel wall's mechanicaarelsteristics such as compliance of the
inner arterial wall may create significant limitats in previous study. In the previous studies,
FE models have focused on stent design parametdraat on restenosfs> 1 24 27 29,3132, 39
These studies, therefore, ignored the interactetwéen the stent and the inner arterial wall.
However, Rogers et af.and Prendergast et “4lpresented that considering the mechanical
characteristics of the inner arterial wall in FEalysis is important because the interaction
may influence a function of the stent. This faadiéates that considering the mechanical
characteristics of inner arterial wall may be diigaint for the evaluations and the design
analysis of the stents. The importance of the cemation of the mechanical characteristics of
the inner arterial wall is, therefore, recentlyrgesed gradually in the evaluations and the
design analysis of the sterits®* *’Holzapfel et af’ presented the stent and stenosed artery
FE models and analyzed stress states of the igeésti artery during balloon-stent expansion.
Berry et a®® used the FE analysis with the stent and arteryriéBels to understand better
how the stent structure influences the stent-intpldnartery compliance and the

circumferential stress at diastolic pressure. Chtal®

performed FE simulation of the
slotted tube stent with the presence of plagqueaatety by balloon expansion to investigate
the expansion characteristics of the slotted tubltsHowever, these studies did not analyze
stent design parameters (i.e., foreshortening, aloigly or inner arterial wall stress)
considering the actual transient non-uniform ballstent expansion to be simulated
necessarily for investigation of the stent desigmameters related to a primary cause of
restenosis. They usually considered a uniform tadiarnal pressure with assumption based
on the fact that stent is almost uniformly dilated finally evenly expanded. The assumption
is, however, only true away from the ends of stertt at the final stage of the stent expansion

process, resulting in an inaccuracy in their rasbécause the foreshortening or the dogboning
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is generally triggered at the early or middle stafi¢ghe stent expansion process as shown in
Fig. 10 to 17. Although the current study addressedonly the free transient non-uniform
balloon-stent expansion but also with modeling @neery, our FE models and simulations
were reasonable, at least qualitatively, when coetpavith experimental results identified
from the literature, especially since this studgused on the potential design parameters
capable of reducing restenosis driven by foreshorte or dogboning through identifying
these characteristics in seven commercial stemis. Study may, therefore, prove valuable as
the first FE approach to investigate the desigrameters capable of reducing restenosis
induced by the mechanical characteristics of staoh as foreshortening or dogboning and the
intravascular injury due to high inner arterial h&tltess by considering the realistic transient
non-uniform balloon-stent expansion as mentionexvab

The foreshortening or the dogboning is generaliggered as dilating the stent by
inflating the balloon. Then, the foreshorteningltd stent may induce an unfavorable shearing
between the stent and the artery by an abruptactidn (shortening) in length of the stent,
and the dogboning may generate an unfavorable fagioet into the inner arterial wall by a
sudden dilation at the edges relative to the ckpwat of the stent (flaring of stent ends).
These unfavorable shearing or penetration can nsakeessively an injury on the inner
arterial wall, resulting in restenosis of the artedur results showed that the foreshortening
and the dogboning were triggered suddenly as témet dtad the radial internal pressure
between 0.23MPa and 0.27MPa in the dilation pro¢Egs 10 to 17). These findings may
favorably support the occurrence mechanism of dtneshortening and the dogboning of the
stent, which may be generated by an abrupt comraat the length of the stent and by a
sudden dilation at the edges of the stent, respdgtias described above. Additionally, the
results presenting the differences among the ddgboralues on the POls of the stents may
be helpful to prediction of a degree of injury rish the inner arterial wall, which may be
induced by the dogboning of the stent. For examptee difference is small, it indicates that
a degree of injury risk on the inner arterial watluced by the dogboning may be low because
the stent is expanded evenly at the distal poihteestent although the dogboining values at
the distal points are larger. Based on the fact,results indicated that the stents with the
opened unit cells connected by bend-shaped cormiattostructures, in particular the MAC
Plus stent and MAC Standard stent, may preventctafidy restenosis caused by the
dogboning.

The whole results for all stents analyzed in theent study showed that foreshortening

and dogboning were generally higher in stents walitised unit cells connected by straight-line,
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and were generally lower in stents with opened ggits connected by bend-shaped link
structures, in particular the MAC Plus and MAC $ar. This finding indicates that using a
stent composed of opened unit cells connected bg-Bbaped link structures may prevent
restenosis caused by foreshortening or dogbonimgl. then Inner arterial wall stress results
showed that stents with closed unit cells were galyelower than stents with opened unit
cells, in particular the Palmaz-Schatz PS153 amat¥. However, in spite of the stents with
the opened unit cells connected by bend-shapedectomlink structure, MAC Standard and
MAC Q23 had lower inner arterial wall stress valuBEisere (Palmaz-Schatz PS153, Téffax
MAC Standard and MAC Q23) had small aperture agftes expansion in common. This
finding is supported by Wang et *aknd Migliavacca et af, Wang et af. reported that
broadening the strut of the unit cells in the digi@rt of the stent may decrease dogboning,
and the configuration of the link structure conimegthe unit cells of the stent may determine
the foreshortening characteristics of the stentniVat aP also found that the absence of
dogboning can decrease the foreshortening of #w $b a certain extent, but this effect is
limited. Migliavacca et al® investigated the influence of the geometry of #ient on
dogboning, foreshortening, and longitudinal recgjlby using FE methods and found that the
thickness of the stent influenced its performar@g.combining the current study with the
findings of Wang et al.and Migliavacca et df, we found that foreshortening, dogboning and
inner arterial wall stress of stent-balloon systemsre closely correlated with the
configurations of the unit cells and the link sttwes as well as the distal geometry and
morphology of the stent. Foreshortening, dogbom@nd inner arterial wall stress of the stent
could be weakened both by using a stent composexpefied unit cells connected by the
bend-shaped link structures and by controllingdiséal stent strut width and thickness and by
considering the aperture areas after expansioncahgbination of these three methods will
decrease the amount of foreshortening, dogbonidgrarer arterial wall stress.

Although this study provides a first look at tharsient non-uniform balloon-stent
expansion, there are the following limitations:

1) No consideration of the blood flow characteristensd

2) Imperfect agreement between the stents used inctineent study and in the

literature” 2> **for validation.

This discrepancy was due to difficulties in obtagithe identical stents, balloons, and
catheters that were used in the literature. Howetrer types of stents selected from the
literature for the validation were similar to thasged in the current study. These limitations

will be resolved and discussed in our ongoing ssidticorporated with clinical tests.
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