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PURPOSE: Different endovascular stent types (AVE Bridge, AVE
Bridge X, Memotherm, Palmaz Large, Palmaz Medium, Palmaz-
Schatz Long-Medium, Perflex, S.M.A.R.T., Symphony, and Wall-
stent) of 4 cm length and 8 mm diameter were subjected to stan-

dardized physical tests.

MATERIALS AND METHODS: The metal mass of each stent was as-
sessed by weighing. The balloon-expandable stents were pneumati-

cally tested for hoop strength. In self-expanding stents, radial resis-
tive force and chronic outward force were determined with use of a
loop test. Stent delivery system pushability was assessed in a cross-
over model. Stent radiopacity was analyzed quantitatively.

RESULTS: The hoop strength of the balloon-expandable stents
ranged from 15.8 N/cm (Perflex) to 28.9 N/em (AVE Bridge X). The
stent weight increased with greater hoop strength (Perflex, 0.046
g/lem vs. AVE Bridge X, 0.061 g/cm). The self-expanding stents had a
radial resistive force between 0.39 N/em (Wallstent) and 1.7 N/em
(Smart). The flexible balloon-expandable stents showed pushability
values between 0.13/N (AVE Bridge) and 0.20/N (Perflex). The self-
expanding stents had flexibilities between 0.13/N (Memotherm) and
0.24/N (Symphony). Radiopacity assessed with use of a phantom
simulating the iliac region ranged from 92 (Palmaz Large) to 115
(AVE Bridge) on a 256-point gray scale (0 = black, 266 = white).

CONCLUSIONS: There is no stent with ideal physical properties.
However, depending on the characteristics of the arterial lesion to
be treated, the most appropriate stent can be chosen.

SINCE 1969, stents have been pur-
sued as a supplement or as an al-
ternative to conventional balloon
angioplasty for the treatment of ar-
terial occlusive disease (1). In the
last decade, various stent designs
have been developed (2). In any
structure, physical properties play a
key role in structural performance.
For example, insufficient hoop
strength of vascular stents may re-
sult in inadequate expansion and
may bring along an increased fre-
quency of restenosis or even ob-
struction that usually prompts fur-
ther interventions (3-5). These in-
terventions encompass repeated bal-
loon dilatations or coaxial insertion
of additional stents. Unsatisfactory

results during stent placement in-
clude insufficient stent expansion or
extrinsic stent compression. Even
with the rigid Palmaz stent design
there have been reports about cases
of stent collapse (6). Stent stability
often is associated with lower flexi-
bility and vice versa (7). There is
evidence that low-profile, high hoop
strength stents evoke a lesser de-
gree of neointima formation than
high-profile, low hoop strength
stents (8).

Although numerous animal and
clinical studies in humans have
been performed to prove the useful-
ness of intravascular stents, only
few studies were made to examine
the basic mechanical properties.
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Table 1
Combination of Results for Physical Stent Properties
Stent Hoop
Mass Strength Radial Chromie
Stent  Stent Stent per Unit Hoop per Unit Resistive Outward
Stent Compo- Length Weight Length  Strength Mass Force Force Flexibility Radio-
Description sition (em) (g) (g/em) (N/em) (N/gem) {N/em) (N/em) (I/N) pacity
Bridge S5 3.90 0.23 0058 20108 874x386 NA NA 0.196 114.7
Bridge X S5 3.60 0.22 0.061 289x15 1314=66 NA NA NA 95.7
Memotherm NiTi 4.00 0.21 0.053 NA NA 1.27 + 0.12 0.17 = 0.08 0.132 108.3
Palmaz Medium SS 3.34 0.15 0.045 188=12 1253=8.1 NA NA NA 110.3
Palmaz-Schatz  SS 3.80 0.17 0.045 128+156 753=91 NA NA 0.169 96.4
Long-Medium
Palmaz Large 8S 2.89 0.24 0083 17916 74667 NA NA NA 92.7
Perflex 55 3.50 0.16 0.046 158=10 988=+6.3 NA NA 0.204 99.7
Smart NiTi 4.05 0.20 0.049 NA NA 1.65 = 0.07 0.31 +0.08 0.244 99.7
Symphony NiTi 4.40 0.15 0.034 NA NA 1.37 = 0.05 0.24 = 0.02 0.172 94.3
Wallstent Mediloy  4.10 0.18 0.044 NA NA 039 = 0.03 0.16 £ 0.01 0.145 102.7

applicable.

Note.—Palmaz Medium and Palmaz Large were rated totally rigid. Radiopacity was rated in 256 grey scale values with 0
denoting totally radiopaque and 256 denoting fully radiotransparent. SS = stainless steel (316L); NiTi = nitinol; NA = not

Still, there is a lack of information
about the key characteristics of
stents: (i) the radial resistance or
hoop strength, a parameter that
describes the ability of a stent to
withstand external forces; (ii) the
flexibility and pushability, which
are parameters characterizing the
usefulness of a stent system in tor-
tuous vessels or when using a cross-
over technique; and (iii) the ra-
diopacity, which is crucial to control
appropriate positioning and deploy-
ment of the stent. Currently, the
diversity of different types of stents
available commercially is remark-
able. Apart from the Palmaz stent
and the Wallstent, the database is
remarkably small. Especially for the
numerous nitinol stents that have
approval for human use in Europe,
there is little specific information
available (9). The aim of this study
was to assess the mechanical prop-
erties of the stent types used most
often in European interventional
radiology. These results could prove
valuable to choose the appropriate
stent for a given lesion.

[ MATERIALS AND METHODS

The following stainless-steel
stent designs were included in the
investigation: Palmaz stent variet-

ies (Cordis; Johnson & Johnson,
Warren, NJ), Perflex stent (Cordis;
Johnson & Johnson), and the AVE
Bridge stent types {Arterial Vascu-
lar Engineering, Richmond, BC,
Canada). The following nitinol
stents were assessed: Memotherm
stent (Angiomed/Bard, Karlsruhe,
Germany), Symphony stent (Boston
Scientific Vascular, Natick, MA),
and the S.M.A.R.T. stent (Cordis,
Johnson & Johnson). In addition,
the Wallstent (Schneider, Zurich,
Switzerland and Boston Scientific
Vascular) was included in the anal-
ysis (Table 1) (Fig 1). We used the
most recent type of Wallstent avail-
able at the time of testing, which
had replaced the narrow braid type
(more shortening version). The Gi-
anturco Z stent and the Strecker
stent were not tested because these
stent types are no longer widely
used in Europe. For availability
reasons, a stent length of approxi-
mately 4 cm was chosen for all
stent types. To compare the stents,
an expanded nominal diameter of 8
mm was chosen. As described sub-
sequently, four basic physical prop-
erties of the stents were examined:
(1) the total weight, (ii) the hoop
strength or radial resistive force,
(iii) the flexibility, and (iv) the ra-
diopacity.
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Figure 1. Photographs of endovascu-
lar stent types tested. (a) The balloon-
expandable stents (AVE Bridge = B;
AVE Bridge X = BX; Perflex = PF;
Palmaz Large = PL; Palmaz Medium =
PM; Palmaz-Schatz Long-Medium =
PLM) and (b) the self-expanding stents
(5.M.A.R.T. = S; Memotherm = M;
Symphony = SY; Wallstent = W).

e Weight

The weight of a stent is an equiv-
alent of the total metal mass. Stent
wire thickness, the type of metal,
and stent design have an impact on
stent weight. The weight of each
stent was measured separately with
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a special scale able to measure
within the milligram range (PR
5002; Mettler Toledo, Greifensee,
Switzerland). The measurement
was repeated five times.

¢ Hoop Strength/Radial
Resistive Force/Chronic
Outward Force

The testing methodologies for
balloon-expandable and self-expand-
ing stents have evolved along differ-
ent paths. The hoop strength mea-
sures the ability of a stent to with-
stand the radial compressive forces
of stenotic vessels after dilation.
The hoop strength test assesses the
pressure required to collapse a
stent that has been expanded to the
rated burst pressure of the balloon.
The hoop strength was assessed for
the balloon-expandable stents. Be-
cause a collapse of self-expanding
stents will usually be temporary, a
test design was developed that can
give more information about the
specific characteristics of self-ex-
panding stents. The force exerted
by a self-expanding stent is a func-
tion of the presence or absence of
an external loading force, Thus, the
chronic outward force is a measure
of the force the stent exerts on the
artery as it tries to expand to its
nominal diameter when the vessel
is relaxed. The radial resistive force
is a measure of the force the stent
exerts as it resists squeezing by
constriction of the artery. The terms
chronic outward force and radial
resistive force have been coined by
Duerig and Stoeckel to better de-
scribe the specific characteristics of
nitinol stents (9).

For the hoop strength test, the
sample size calculation (see Statis-
tics section) yielded a minimum
number of eight stents to be tested.
We tested 10 sample stents. The
stents were positioned in a compli-
ant Dynatek tube (Dynatek Dalta
Laboratories, Springfield, MO). The
inner diameter of the tube was 6.5
mm, which was 1.5 mm smaller
than the inner diameter of the
stents. The tube was placed in an
airtight pressure device with a
range from 0.14 to 7 bar (B06-101
mol/L2KD; IMI Norgren, Littletown,

CO). The hoop strength fixture was
placed in a cabinet at 37°C + 2°,
The stents were expanded by inflat-
ing the stent delivery system to the
rated burst pressure. The balloon
inflation pressure was held for 20
seconds before deflating the stent
delivery system. The pressure for
balloon inflation was monitored
with use of a gauge with a range of
0-500 psi (Omega DPG-500; Sealed
Unit Parts, Allenwood, NJ), The
expanded stents were positioned in
the center of the hoop strength fix-
ture with an additional 2 mm
length of tubing on either side of
the expanded stent. Nitrogen pres-
sure was increased in 0.3-psi incre-
ments until total collapse of the
stented tube was observed. We mea-
sured and recorded the pressure
required for total collapse. With the
help of video supervision, the exact
moment of total stent collapse was
determined. After collapse, the
stents were scrutinized for break-
ages or other severe damage of the
wire mesh. Data were originally re-
corded in psi. We recalculated the
mean pneumatic hoop strength in
N/cm by considering the circumfer-
ence of the balloon-expandable
stents to get the same units of mea-
sure as used for the radial resis-
tance in self-expanding stents by
the following formula: 1 psi = 0.689
N/em?, The circumference of a stent
at 8 mm diameter equals 2 X r =
2.51 cm. Hence, the mean pneu-
matic hoop strength in N/em is 1.73
% psi. It should be noted, however,
that even though the pneumatic
hoop strength numbers for the bal-
loon-expandable stents were con-
verted to the same units (N/em) as
used with the radial resistance
force for self-expanding stents, the
numbers are not comparable. On
the one hand, the threshold pres-
sure for stent collapse was evalu-
ated for the balloon expandable
stents. On the other hand, the ra-
dial resistive force and chronic out-
ward force, two parameters depend-
ing on the state of compression,
were evaluated for the self-expand-
ing stents. This is because the test
used on the balloon-expandable
stents applied a radial force while
the test used with the self-expand-
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Figure 2. Schematic drawing of defor-
mation characteristics of a nitinol stent
during a loading/unloading cycle. The
test starts with the stent in a erimped
state (a). The stent is then unloaded to
its nominal outer diameter minus 1 mm
(b). The load at this point is equivalent
to the chronic outward force. The stent
is then crimped back to its nominal
outer diameter minus 2 mm (¢). This
load is reported as the radial resistive
force. The force hysteresis curve (solid
and interrupted lines) means that the
stent exerts a much smaller outward
force (solid arrow) but resists deforma-
tion with a much greater force (open
arrow). The right insert shows a dia-
gram of the test device for radial force
measurement (MTS = mechanical test
system; mylar loop = polyester film).

ing stents applied a circumferential
force.

Chronic outward force and radial
resistive force were measured with
use of a high-strength polyester
thin film (Mylar; DuPont, Wilming-
ton, DE) that was looped around
the stents and threaded through a
narrow gap between rollers. One
end of the film was attached to a
fixed base, while the other end was
attached to the crosshead of a mate-
rial test machine (Mini Bionix
model 858; MTS Systems, Eden
Praire, MN). On loading (ie, as the
crosshead moved up), the loop de-
creased in diameter and compressed
the stents circumferentially (Fig 2).
The width of the Mylar film was
adapted to the length of the stents
and had a thickness of 0.001 inch.
The test was performed in a tem-
perature-controlled water circulator
(model DC1; Haake, Paramus, NJ)
at 37°C %= 1° and started with the
stent in a crimped state, simulating
the delivered size (10). The stent
was then unloaded to its nominal
outer diameter minus 1 mm. The
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Figure 3. Schematic drawing of flexi-
bility test set-up. We measured the force
required to pass a stent (S) across the
bifurcation (arrows) of a Plexiglas iliac
artery model mounted on a pushability
table (numeric values in mm except for
bifurcation angle).

load at this point was divided by
the length of the stent and was re-
ported as the chronic outward force
in N/cm. The stent was then
crimped back to its nominal outer
diameter, minus 2 mm. This load
was also divided by the length of
the stent and was reported as the
radial resistive force in N/em. All
stents were handled identically.
Specifically, there was no special
fixation of the ends of the Wallstent
prior to testing. The measurements
were repeated 10 times.

o Pushability

The flexibility test quantified the
ability of the delivery system to ne-
gotiate tortuous vessels. A test was
used that assessed the force re-
quired to pass the bifurcation of a
Plexiglas iliac artery model (Fig 3)
mounted on a pushability table.
This force is an indicator for the
flexibility of the stent delivery sys-
tem. In detail, the iliac artery

model was positioned in a water
bath at 37°C * 2°C (MP-basis; Ju-
labo Labortechnik, Seelbach, Ger-
many). An Amplatz Super-stiff
guide wire (Boston Scientific Vascu-
lar) and an 8-F sheath (Brite Tip
401-835 mol/L; Cordis) with a us-
able length of 35 em were posi-
tioned over the bifurcation. The
mounted stent was then pushed for-
ward with the help of a computer-
controlled sliding carriage. The me-
chanical force necessary to cross the
bifurcation model was measured
with use of a charge amplifier (type
5011; Kistler Instrumente, Winter-
thur, Switzerland). Absolute values
could only be judged in comparison
between different stent delivery sys-
tems. For the flexibility test, five
flexible balloon-expandable stents
(Palmaz-Schatz medium long, flexi-
ble AVE Bridge stent, Perflex stent)
and five samples of all self-expand-
ing stents were tested.

® Radiopacity

This test was designed to assess
the x-ray attenuation of the stents.
One stent of each group was in-
serted in a specially built absorp-
tion phantom simulating the pelvis.
In detail, the phantom consisted of
several Plexiglas plates, with spe-
cial bore holes for the stents, repre-
senting vessels. The stents were
inserted into the holes, which were
filled with water to simulate the
intravascular situation. The phan-
tom had a thickness of 15 cm. X-ray
images were taken three times in
the angiographic suite with a digi-
tal subtraction angiography unit
(Neurostar; Siemens, Erlangen,
Germany). The same settings of the
x-ray machine were used for all ex-
posures to subject all stents to the
same doses. For every stent the x-
ray images were printed on laser
film, which were scanned and digi-
tized with a resolution of 600 dpi
and saved on CD-ROM. The files
were analyzed with Osiris 32 (Papy-
rus toolkit version 3.4, Osiris 21
version 3.12; Digital Imaging Cen-
ter of Medical Informatics, Univer-
sity Hospital of Geneva, Switzer-
land). In detail, a region of interest
was placed around each stent. The

average gray value of the region of
interest and the average SD of gray
scale values within the region of
interest were assessed. Those val-
ues were correlated with a 256-
point gray scale (0 = black, 256 =
white).

e Statistical Analysis

The null hypothesis is that all
stent types have identical physical
properties. All variables were ex-
pressed as means *= SD or as num-
bers and percentages. After prelimi-
nary testing of two to five stents,
the results were used to determine
the sample size for the quantitative
experiment. The sample size was
calculated with the following for-
mula:

n= o2y -ws + 31—;3]2
(o — pal®

where n = sample size, ¢ = SD,
Z1.2 = 1.960 for o = 0.05, z, 5 =
0.8416 for B = 0.2, py and p, =
mean values,

After testing for the presence of a
(Gaussian distribution, the two-
tailed F test was used. After testing
for similar variances, the two-tailed
t test was used. A P value < .05
was considered to indicate statisti-
cal significance. For multiple test-
ing, the P values were corrected by
the Bonferroni method.

RESULTS
e Weight

The weight of the stents differed
markedly, although the stents were
of the same size and length (Table
1). Especially, the stainless-steel
stents presented with a wide range
of weights. For the nonflexible
stents, the weight of the AVE
Bridge X stent (0.22 g) exceeded
that of the Palmaz medium stent
(0.15 g) by 47%. In the group of the
flexible balloon-expandable stents
the weight of the flexible AVE
Bridge stent (0.23 g) was 44%
higher than that of the Perflex
stent (0.16 g). However, when look-
ing at stent mass per unit length,
the value for the flexible AVE



Duda et al « 649

Table 2

Results of Multiple Testing for Differences in Pneumatic Hoop Strength
Between Balloon-expandable Stents

Palmaz Medium X
Palmaz-Schatz
Long-Medium
Palmaz Large
Perflex
Bridge
Bridge X

Bridge Bridge
X

Perflex Palmaz Palmaz-Schatz Palmaz

X

Large Long-Medium Medium

Note.—X = equal; blank boxes indicate significance at P < .05.

Bridge stent (0.0569 g/cm) was only
28% higher than that of the Perflex
stent (0.046 g/em). The weights of
the nitinol stents were comparable.

¢ Hoop Strength

Table 1 combines the hoop
strength results of all balloon-ex-
pandable stents. In the first group,
the AVE Bridge X stent showed the
highest hoop strength, with an av-
erage value of 28.9 N/em until total
collapse. The capability of this stent
to withstand radial forces exceeded
that of the Palmaz medium stent by
54%. However, three of 10 samples
of the AVE Bridge X stent broke
into two parts during the collapse
phase of the hoop strength testing.
The fractures of the AVE Bridge X
stent were found in the middle of
the stents at the central welding
points. Similar or other severe dam-
ages were not observed in any other
stent type. The standard flexible
AVE Bridge X stent did not develop
wire breakages and exceeded the
hoop strength of the Palmaz me-
dium stent by 7%. This difference
was not significant (Table 2). How-
ever, when comparing the hoop
strength per unit mass (stent mass
and stent design contribute directly
to hoop strength), the Palmaz me-
dium stent (125 N/cm™g) was supe-
rior compared to the flexible AVE
Bridge X stent (87 N/em*g), and
nearly similar compared to the rigid
AVE Bridge X stent (131 N/cm*g).
The other stents of the group (Per-
flex, Palmaz Large) displayed hoop

strength values per unit mass be-
tween 75 and 99 N/em*g (Table 1).
Stent stability/hoop strength mainly
depends on the following factors: (i)
the stent design (ie, the orientation
of the stent struts), (ii) the stent
material, (iii) total stent mass, (iv)
stent length, and (v) stent diameter.
The stents in our study were di-
lated to the same diameter (8 mm).
Furthermore, all stents of the bal-
loon-expandable group were made
of stainless-steel. By bringing the
measured hoop strengths into rela-
tion to the stent length and total
mass, the only factor probably re-
sponsible for hoop strength differ-
ences should be the stent design.

Table 2 gives the results of the
multiple statistical testing for dif-
ferences in pneumatic hoop
strength between balloon-expand-
able stents at a P level of .05. The
Palmaz large stent was significantly
different from neither the Palmaz
medium stent nor the the Perflex
stent.

® Radial Resistive
Force/Chronic Outward Force

In the group of the self-expand-
ing stents, the Wallstent proved to
have a radial resistive force of 0.39
N/em. The Memotherm stent and
the Symphony stent both had
nearly equivalent radial resistive
force values, with 1.27 N/em and
1.36 N/cm, respectively. The
S.M.A.R.T. stent had a radial resis-
tive force of 1.7 N/ecm (Table 1).
The chronic outward force values
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were well below the corresponding
radial resistive force results. The
Wallstent had the lowest chronic
outward force, with 0.16 N/ecm. The
highest chronic outward force of
0.31 N/em was obtained for the
S.M.A.R.T. stent. Statistically, all
self-expanding stents showed signif-
icant differences in radial resistive
force and chronic outward force at
P < .05.

¢ Pushability

All stents passed the bifurcation
without stent slippage or loss of the
stent. The stent delivery system
with the highest pushability was
the Perflex stent system (Table 1).
The flexible standard AVE Bridge
stent had comparable pushability.
Except for the S.M.A.R.T. stent, the
force needed for the self-expanding
stents to pass the bifurcation was
greater than needed for the Perflex
stent and the flexible standard AVE
Bridge stent. This may be attribut-
able to a greater stiffness of the de-
livery catheter shafts. The Palmaz-
Schatz Long-Medium stent behaved
very much like the self-expanding
stents in terms of cross-over push-
ability. Table 3 summarizes the
results of the multiple statistical
testing for differences in cross-over
pushability between stents at a P
level of .05. Except for the
S.M.A.R.T. stent and the Perflex
stent, there was a considerable
overlap between different stent

types.

¢ Radiopacity

The stents with the best ra-
diopacity values, meaning those
with the lowest numbers in our ra-
diopacity model, were the Palmaz
large stent, the Symphony stent,
the AVE Bridge X stent, and the
Palmaz-Schatz Long-Medium stent,
with absorption values ranging
from 92.7 (Palmaz large stent) to
96.4 (Palmaz-Schatz Long-Medium
stent). The next group, consisting of
the S.M.A R.T. stent, the Perflex
stent, and the Wallstent, presented
with absorption values ranging
from 99.7 (S.M.A.R.T. stent) to
102.7 (Wallstent). The last group
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Results of Multiple Testing for Differences in Cross-over Flexibility Between all Flexible Stent Types Tested

Memotherm

X X X

Wallstent

Smart  Bridge X

X

X

Bridge Perflex  Palmaz-Schatz
Long-Medium

Table 3

Palmaz-Schatz X
Long-Medium

Perflex

Bridge X

Bridge X

Smart

Wallstent X

Memotherm

Symphony

Symphony
Note.—X = equal; blank boxes indicate significance at P < .05.

consisted of the Palmaz medium
stent, the standard AVE Bridge
stent, and the Memotherm stent.
The absorption values of those
stents varied from 108.3 to 114.7.
Because of negligible standard devi-
ations (between 0.58 and 1.57), all
differences were significant in the
statistical sense. However, the stent
with the highest radiopacity
(Palmaz large stent) had a value
that was only 24% above that of the
stent (AVE Bridge stent) with the
lowest x-ray attenuation.

DISCUSSION

Stent implantation has gained
increasing acceptance as a valuable
adjunct to balloon angioplasty.
Elastic vessel recoil, significant re-
gidual stenosis by dissection or se-
vere plaque burden, and treatment
of acute or impending reocclusions
are the main indications for the in-
tra-arterial use of stents. Intravas-
cular stents are also used to inhibit
arterial restenosis and to improve
the patency rates after percutane-
ous transluminal angioplasty. Stent
design is believed to play a major
role concerning the effectiveness of
stents (8,11-15). However, biologic
assessment of stent design is diffi-
cult and has not been accomplished
for the majority of stents now avail-
able for use in interventional radiol-
ogy (16).

Quantitative data on the me-
chanical properties of coronary
stents have become available re-

cently (17). Surprisingly, there is a
paucity of data available about the
fundamental in vitro characteristics
of current and new stent designs in
interventional radiology. In 1988,
Fallone and coworkers described
the elastic behavior of the Giant-
urco stent (18). In 1993, a study
concerning the pressure stability of
metal stents had been unable to
precisely quantify the hoop strength
of the Palmaz stent, and had been
dealing with vascular endoprosthe-
ses that are no longer in general
use, such as the Strecker stent (19).
In 1994, Flueckiger and coworkers
reported exact data about the me-
chanical characteristics of metal
stents (20). However, the authors
could only consider stent designs
that had been available at that time
(Palmaz large stent, Wallstent, and
Strecker stent). Modern stainless-
steel stent designs (Palmaz-Schatz
Long-Medium stent, Perflex stent,
AVE Bridge stent) purport to com-
bine the advantages of considerable
hoop strength and flexihility. Niti-
nol stents have also gained wide
acceptance in Europe because of
simple stent placement, good flexi-
bility, moldability, and moderate
prices (21). The aim of this study
was to provide basic data about dif-
ferent stent types to help choose the
appropriate stent in a specific clini-
cal situation. We looked at the total
stent weight as an indicator of
metal mass, flexibility, and ra-
diopacity of different stent types.
The hoop strength was determined

in balloon-expandable stents, and
the radial resistive force, as well as
the chronic outward force, were
measured in self-expanding stents.
When evaluating the fundamen-
tal properties of intravascular
stents, balloon-expandable and self-
expanding stents need to be differ-
entiated because their behavior dif-
fers when being exposed to an ex-
ternal load. Balloon-expandable
stents will be irreversibly deformed
if the external load exceeds their
maximum hoop strength. Self-ex-
pandable stents will also collapse
when the external load exceeds
their resistive force. However, if the
external load is lowered the shape
of self-expandable stents will re-
cover. The clinical implication of
this difference in crushing behavior
is that balloon-expandable stents
are usually not indicated in the ca-
rotid arteries and also cannot adapt
to growing abdominal aortic aneu-
rysms necks after stent-graft exclu-
sion. This is why we chose to do
separate evaluations for balloon-
expandable versus self-expandable
stents. The classic stent of the bal-
loon-expandable type is the Palmaz
stent. In this study, the Palmaz-
type stents showed a high hoop
strength that ranged from 12.8
N/em for the Palmaz-Schatz Long-
medium to 18.8 N/em for the
Palmaz medium (Table 1). Hoop
strength measures the ability of a
stent to withstand the radial com-
pressive forces. In comparison, the
Palmaz large stent had a hoop
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strength of 17.9 N/cm, which was
not significantly different from the
18.8 N/em for the lighter Palmaz
medium stent. This is due to the
fact that the angle between the
struts of the Palmaz medium stent
(4-9 mm, expanded diameter rec-
ommendation) is wider in an ex-
panded state of 8 mm diameter
than the angle between the struts
of the Palmaz Large stent (8—12
mm, expanded diameter recommen-
dation) (22). This finding has al-
ready been reported by Lossef and
coworkers in 1994 (23). Small dif-
ferences between hoop strength val-
ues are likely to be caused by differ-
ent experimental set-ups. Lossef
and coworkers used an eccentric
point load, whereas Schrader and
Beyar used a hydrostatic pressure
chamber (17,23). The hoop strength
test that we used for balloon-ex-
pandable stents and the radial force
measurement of self-expanding
stents using a Mylar loop exerted a
circumferential stress.

Concerns have been raised about
the placement of Palmaz-type stents
in the subclavian location. The
“nutcracker” position between the
first rib and the clavicle may expose
balloon-expandable stents to extrin-
sic forces that can compress or col-
lapse them (24). However, self-ex-
panding stents also do poorly in
this location and come into equilib-
rium with compressive forces at a
diameter less than their fully ex-
panded diameter. There have been
reports about insufficient Wallstent
expansion in patients with superior
vena cava syndrome, and about
Palmaz stent crushing in a Cimino-
shunt and stent collapse in the tra-
cheobronchial system (25,26). Thus,
there may be situations in which a
higher radial resistance than what
a Palmaz stent can offer may be
advantageous. Recently, the AVE
Bridge extra support (AVE Bridge
X) stent has been launched. This is
a balloon-expandable steel stent
that exceeds the hoop strength of a
Palmaz medium stent by 54% (28.9
N/em vs. 18.8 N/em; P < .05). How-
ever, there is a downside to that
high hoop strength. To achieve the
high radial stability, the total mass,
weight, and profile have been in-

creased, exceeding that of a Palmaz
medium stent by 35% (0.061 g/cm
compared to 0.045 g/cm; P < .05). A
disadvantage of more endovascular
stent material is a higher rigidity,
thus increasing the profile during
insertion of the stent and, possibly,
a greater thrombogenicity (27).
Also, the concept of compliance mis-
match has been applied to stented
arteries (28). It may be speculated
that the issue of a compliance mis-
match between stent and artery
may become more relevant with in-
creasing rigidity (29). Three of 10
AVE Bridge X stents broke into two
pieces during the hoop strength
test, probably because of their
higher rigidity. This indicates that
too high a strain was placed on the
metal welding points of the AVE
Bridge X stent under these specific
test circumstances. This is probably
the reason why many stainless-steal
stents are cut from cannula. When
an incomplete stent expansion or
recoil of a single stent occurs, it is
possible to implant an additional
stent coaxially because there is an
addition of stiffness (23). It remains
unclear what the optimum radial
resistance value might be. Cer-
tainly, this value will differ between
distinct stent designs. In tantalum
stents, intimal hyperplasia was de-
pendent on stent rigidity (30). How-
ever, there was no difference in neo-
intimal buildup between Wallstents
of different radial resistance (31).
Another important property of a
stent is pushability. Flexible stents
adapt themselves better to the
course of curved vessels. Palmaz-
type stents foreshorten during ex-
pansion and they are rigid. There-
fore, cross-over procedures with this
type of stent are difficult, time-con-
suming, and potentially dangerous.
However, in clinical practice not
only the flexibility of the stent itself
but also the pushability of the stent
delivery system determine the ease
of proper stent placement. Flexible
stents and stent delivery systems
allow the safe performance of cross-
over maneuvers. We used a cross-
over test that measured the ability
of a stent and its delivery system to
pass an aortic bifurcation model.
The Perflex stent system proved to
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Figure 4. Plot of the pneumatic hoop
strength per unit mass versus flexibility
for the flexible balloon-expandable
stents.

be very flexible in combination with
a hoop strength of 15.8 N/cm. Sur-
prisingly, the Perflex stent system
proved to be even more flexible
than the nitinol stent systems in
this particular cross-over model.
Concerning hoop strength, the flexi-
ble AVE Bridge stent exceeded that
of the Perflex stent by 4.3 N/em

(P < .06). However, the flexible
AVE Bridge stent exceeded the
length-adjusted weight of a Perflex
stent by 28% (Fig 4). The pushabil-
ity of the Perflex stent system was
equal compared to that of the flexi-
ble AVE Bridge stent system
(0.20/N vs. 0.19/N, P = NS). The
flexible AVE Bridge stent could only
be deflected in the two directions
where the stent struts were not sol-
dered together. The only self-ex-
panding stent system that pre-
sented a higher cross-over flexibility
than the flexible AVE Bridge stent
system was the S.M.A.R.T. stent
(0.24/N vs. 0.19/N; P < .05), This is
an astonishing finding but it must
be kept in mind that our test phan-
tom is rather a test for pushability
and performance of the stent de-
ployment system than a flexibility
assessment of the stents them-
selves.

The group of the self-expanding
stents consisted of the Wallstent
made of Mediloy, which is mainly a
steel alloy, and the nitinol stents
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(Memotherm, S.M.A.R.T., and Sym-
phony). The Wallstent showed a sig-
nificantly lower radial resistive
force (0.385 N/em) when compared
to the nitinol stents (1.3-1.6 N/em;
P < .05). For a Wallstent-like de-
sign, Jedwab and Clerc reported a
radial pressure of 150 to 8,000 N/m?
(stent diameter, 12-17 mm), which
is equivalent to 0.004 to 2.01 N/cm
(32). Although the stent type, stent
diameter, and method of testing
have been different, these values
are well in accordance with our test
result of 0.39 N/em for the radial
resistive force of a Wallstent (fully
expanded diameter, 8 mm). Of
course, different test set-ups will
yield conflicting results about the
radial resistive force of the Wall-
stent because the specific stent de-
sign dictates that the radial resis-
tance to eccentric forces will he low-
ered when the stent loses close con-
tact with the entire circumference
of the vessel wall (20). In addition,
the older narrow braid (more short-
ening version) would have yielded a
higher radial resistive force, espe-
cially in the case of fixed stent
ends. All self-expanding stents
showed a good or reasonable push-
ability force profile in the cross-over
model. The pushability of the Wall-
stent and the Memotherm stent
were equivalent. The difference in
pushability of the Symphony stent
versus the Wallstent was significant
at P < .05 (0.17/N vs. 0.14/N). In
terms of pushability, the S.M.A.R.T.
stent was superior to all other
stents (P < .05) (Fig 5).

Nitinol stents have a thermal
memory, are superelastic, and are
kink-resistant (9,33). In addition,
they are characterized by a pro-
nounced stress hysteresis during
loading and deflection. Thus, nitinol
stents return to their original shape
when the external stress declines
(9,10). This allows for a biased stiff-
ness, meaning that nitinol stents
have small chronic outward forces.
Low chronic outward force has been
speculated to be more desirable
than higher chronic outward force
because higher chronic outward
force may damage the vessel wall.
On the other hand, nitinol stents
resist deformation with a greater
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Figure 5. Plot of the radial resistive
force versus flexibility for the self-ex-
panding stents.

force (radial resistive force). The
considerable differences between
the nitinol stents can best be ex-
plained by design (strut angles,
bridge configurations) and optimiza-
tion of thermomechanical process-
ing. The composition of the Ni-Ti
alloy is essentially the same for all
nitinol devices. Today, finite ele-
ment analysis is used for device ge-
ometry, and the thermomechanical
response of shape memory alloys is
well understood (34,35). A direct
comparison between the radial re-
sistive force of self-expanding stents
and balloon-expandable stents can-
not be made because of fundamen-
tal differences of the test set-up.
For practical purposes, however, the
conclusion can be drawn that the
radial resistance of balloon-expand-
able stents is much better than that
of self-expanding stents. This brings
along superior scaffolding properties
of stainless-steel stents. However,
the contourability of stents on a
nitinol technology platform is supe-
rior to stainless-steel stents because
of the shape memory characteristics
of that alloy. In addition, clinical
studies with self-expanding stents
generally yielded satisfactory re-
sults (36). Because self-expanding
stents are crush-reversible, those
stents could be advantageous in me-

chanically exposed areas of the hu-
man body (eg, dialysis shunts, sub-
clavian artery, carotid artery, popli-
teal artery) (37). In all balloon-ex-
pandable stents, our test results
demonstrated an abrupt and irre-
versible stent collapse when an ulti-
mate compressive external force or
pressure was exceeded. This did not
occur with nitinol stents.

The results of the radiopacity
test showed some differences be-
tween the stents. Stents with thick
stent struts (ie, the Symphony
stent) proved to be slightly more
visible than stents with a rather
thin wire filament, such as the
Memotherm stent. However, stents
with a tighter mesh design, such as
the S.M.A.R.T. stent, also proved to
be well-visible, although having
thin stent struts. However, al-
though statistically significant, the
overall differences in radiopacity
between current endovascular stent
types were not very large. It should
be remembered that the radiopacity
of a stent cannot be increased with-
out limits because the so-called ex-
cessive radiopacity of a metal stent
can mask restenosis, especially in
small-diameter vessels.

We are aware of the fact that all
the values assessed for the different
stent types (balloon-expandable,
self-expandable) have been assessed
under in vitro conditions and that
in vitro experiments do not suffice
to simulate in vivo conditions. Ex-
ternal forces may cause eccentric
impression instead of concentric
compression. Cross-over maneuvers
will be more difficult in vivo than in
vitro because of tortuousity of the
iliac artery (which was not consid-
ered in the cross-over model). Addi-
tionally, subjective stent visibility
also depends on the experience of
the interventionalist.

However, in vitro testing gave us
the opportunity to evaluate special
properties of intravascular stents
under comparable experimental
conditions. Therefore, we think that
the data assessed in our standard-
ized experimental setup are more
appropriate to describe the physical
properties of the stents tested than
the subjective impressions different
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interventionalists may have from
different stents.

Thus, those results may be valu-
able for the interventionalist. In
rigid and more straight lesions, the
Palmaz Medium stent, the Palmaz
Large stent, and the AVE Bridge X
stent will be appropriate stents. In
more tortuous vessels, the Perflex
stent and the AVE Bridge stent
should be preferred. The self-ex-
pandable stents can be used in all
anatomic regions but should be
used in vascular locations that are
in danger of sudden mechanical ex-
posure (for example the carotid or
subclavian artery).

In summary, a stent is a compro-
mise and there is no single stent
that is ideal for all indications. De-
pending on the location to be
stented and depending on the kind
of lesion, the most suitable stent
type should be chosen.
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