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Abstract 

A polyethylene-terephthalate (PETE polyester), self-expanding, braided mesh stent has been developed for 
percutaneous (coronary) arterial implantation. In vitro measurements showed that the radial pressure deliv- 
ered by this device was similar to a self-expanding, stainless steel stent. Due to hysteresis-like behaviour, it 
proved necessary to mount the polymer stent on the delivery system immediately before the placement proce- 
dure, and to select a diameter in the unconstrained condition, which was 60% larger than the diameter of the 
target vessel. 

Eight polyester stents were implanted in peripheral arteries of four pigs. Except for heparin during the 
implantation procedure, antithrombotic or antiplatelet drugs were not administered. After four weeks repeat 
angiography revealed that one of the stents was subtotally occluded. At autopsy, two other stents proved to be 
located in the aortic bifurcation, probably due to failure of the delivery system. Quantitative angiographic 
assessment showed that the mean luminal diameters at the site of stent placement were 3.3 _+ 0.2 mm before, 
3.2 + 0.2 mm immediately after, and 2.7 + 0.5 mm at four weeks after implantation. Intravascular ultrasound 
(IVUS) examination after 4 weeks could identify the individual struts of the stents, as well as their length. In 
addition, a description of the extent of neointimal hyperplasia was feasible. The IVUS assessment was vali- 
dated by histological examination. 

In conclusion, polyester stents can be constructed with mechanical properties similar to stainless steel 
stents. After implantation in porcine peripheral arteries, five of six correctly placed stents were patent at four 
weeks. Imaging of stents by angiography and IVUS provided complementary information. 

Introduction 

A novel approach for the treatment of acute com- 
plications and the prevention of restenosis after 
percutaneous transluminal angioplasty (PTA) is 
the placement of a metallic endovascular prosthesis 
(stent) [1]. Results from uncontrolled clinical stud- 
ies with stainless steel stents in the coronary circula- 
tion indicate, however, that these devices are prone 
to (sub)-acute thrombotic occlusion and do not eli- 

minate the incidence of restenosis, although they 
reduce its occurrence [2-5]. In animal experiments 
coronary stents composed of tantalum proved to be 
less thrombogenic than stainless steel stents [6]~but 
the initial results after implantation in patients 
showed no detectable advantage of tantalum [7]. 
Applying a polymer coating to metal stents proved 
effective in reducing the thrombogenicity of these 
devices in experimental animals [8]. A polymeric 
stent offers the advantage of more versatility in de- 
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Fig. la. Mesh stent, braided of 24 polyester monofilaments, each 176 gm in diameter. The unconstrained diameter of the stent is 5.3 ram, 
and its length 15 ram. Fig. lb. Polyester mesh stent mounted on the coaxial delivery system. Withdrawal of the outer catheter of this system 
gradually releases the stent, which is prevented from withdrawal together with the outer catheter by the radiopaque stop. 

signing mechanical properties. In addition, a high 
concentration of antithrombotic drugs, as well as 
agents mitigating the tissue response to the foreign 
material, can be contained in a polymer matrix [9]. 
In the present study, we repor t  on the feasibility of 
placement and subsequent imaging of a stent com- 
posed entirely of synthetic polymer. 

Methods 

Polymer  stent 

The stent developed is a cylindrical braided mesh, 
constructed of 24 polyester (polyethylene-tereph- 
thalate, A K Z O  BV, Arnhem, The Netherlands) 
monofilaments of 176 gm in diameter (Fig. la). The 
fibres at both ends of the stent were thermally 
fused. This stent can be constrained on a delivery 
system, consisting of two coaxial catheters (Fig. lb). 
The diameter of the delivery catheter plus stent is 
2.8 mm. Withdrawal of the outer catheter will re- 
lease the stent progressively, which anchors itself 
against the arterial wall, when the diameter of the 
stent after release exceeds the vessel diameter. The 
unconstrained diameter of the stents used in this 
study is 5.3 ram. 

In vitro force  - length measurements  

Long segments (> 100 mm) of stent material were 
positioned in a force-length (F-L) measurement 
system. Both extremities of the stent had limited ex- 
pansile properties, because they were fixed in the 

system, and therefore only the mid-section was 
used for measuring the F-L relationship. Data were 
obtained at 20 ~ C and at 37 ~ C. 

Using this F-L measurement system, the selected 
mid-segment of the stent was elongated by applying 
several known forces (F). The maximal force F was 
applied for 5 minutes and thereafter the force was 
gradually, decreased allowing the polyester stent to 
show its spring-like behaviour and gain in diameter 
again. Knowledge of the geometrically determined 
length (L) - radius (r) relationship (L = f ( r ) )  and 
the surface area (A = 2 tar.L) of this specific cylin- 
dric stent construction (Fig. 2), allowed the calcula- 
tion of its radial pressure (P) from the equation: 
RA.Ar = - EAL, assuming equal work to be deliver- 
ed by either pressure P or force E The application of 
this formula yields global delivered pressure, as- 
suming a stent with a closed cylindric surface. Cor- 
rection for the actual fibre-covered area to total 
stent area allowed calculation of the locally deliver- 
ed pressure at the fibre surface. Conversion of 
length to diameter was again calculated using the 
length-radius relationship. 

Stent expansion after release in vitro 

The polyester stent was constrained on its delivery 
system. After 15 minutes the stent was released and 
its diameter measured immediately, and again at 1, 
5, 15 and 30 minutes and 15 hours using a stereom- 
icroscope. 

Similar diameter measurements were obtained 
for the Wallstent after release from its delivery 
system. 



Fig. 2. Schematic drawing of two geometric conditions of the 
stent. The parameters used for the calculation of the pressure- 
diameter relationship are explained in the text. 

In vivo stent implantation 

Experiments were performed in four G6ttingen 
minipigs (24-28 kg). The protocol was approved by 
the Committee on experimental animals of the Eras- 
mus University. After  anaesthesia and under sterile 
conditions an arteriotomy of the left carotid artery 
was performed and a 9F introduction sheath was 
placed as described earlier [6, 10]. After adminis- 
tration of 5000 IU of heparin sodium, an 8F cathe- 
ter was advanced to the infrarenal abdominal aorta. 
Isosorbide dinitrate was administered intra-arte- 
rially before angiography of the femoral arteries 
was performed. Iopamidol (Iopamiro TM 370, Dagra 
BV, Diemen, The Netherlands) was used as con- 
trast agent. 

From the angiograms, a segment with a diameter 
of about 3.5 mm was selected. Thereafter ,  the stent 
delivery catheter was advanced over a 0.014 inch 
steerable guide wire to the site preselected for im- 
plantation, and the stents were placed. 

After repeat angiography of the stented arteries, 
the introducer sheath was removed, the arterioto- 
my repaired and the skin closed in two layers. The 
animals were allowed to recover from anaesthesia, 
while post-procedure antithrombotic drugs were 
not administered. 
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Follow-up angiography and quantitative analysis 

The catheterization procedure at 4 weeks follow-up 
was similar as described above. Angiography was 
performed in the same projection, and using identi- 
cal settings of the X-ray equipment as during im- 
plantation. Angiograms (we-implantation, imme- 
diately after implantation and after 4 weeks) were 
analyzed using the Cardiovascular Measuring Sys- 
tem software (CMS) [11]. Mean luminal diameter at 
the site of stent placement was measured. 

Intravascular ultrasound 

At the time of repeat  angiography the stented fem- 
oral arterial sites were studied using a mechanical 
intravascular ultrasound device [12]. The ultra- 
sound catheter (5F, 30 MHz, Du-Med Rotterdam, 
The Netherlands) was introduced via the same 9F 
introducer sheath as was used during the angiogra- 
phy. Under  fluoroscopic guidance the catheter was 
advanced to the stent containing segment. The stent 
length was determined by marking the shaft of the 
catheter. The stent fibres and the neointimal hyper- 
plasia at the luminal side of the stent fibres were as- 
sessed qualitatively. 

Histological measurements 

The abdominal aorta was cannulated and, after ad- 
ministration of a lethal dose of pentobarbital sodi- 
um, cross clamped proximal to the cannula. 
Through the cannula 500 ml of saline followed by 
500 ml of buffered 4% paraformaldehyde was in- 
fused. The femoral arteries were dissected free and 
the stented segments and adjacent unstented seg- 
ments were placed in 4% paraformaldehyde phos- 
phate buffer (pH 7.30) for at least 48 hours in prep- 
aration for light microscopy, as described earlier [6, 
I0]. 

For the histological measurement  of the thick- 
ness of the various layers of the arterial wall, at least 
two perpendicular resorcin-fuchsine stained sec- 
tions of the proximal, middle and distal part of each 
stented arterial segment were observed by a micro- 
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scope, connected to a videocamera, and displayed 
on a monitor. The external- and internal elastic lam- 
ina and the endothelial lining were traced using an 
integrated image analysis system (IBAS-2000, Kon- 
tron, Oberkochen, FRG)  [13]. The distance be- 
tween the endothelial lining and the internal elastic 
lamina or the stent fibres was taken as the thickness 
of the neointima. The media was defined as the lay- 
er between the internal- and external elastic lamina. 

Statistical analysis 

All quantitative data are expressed as mean + SEM. 
The significance of the changes in the angiographic 
data was evaluated by analysis of variance (ANO- 
VA) and a two-sample t-test. The histological mea- 
surements were analyzed by the Wilcoxon Rank 
Sum test. A P value less than 0.05 was considered 
statistically significant. 

Results 

In vitro radial pressure-diameter relationship 

Figure 3 illustrates that by reducing the diameter of 
the unconstrained Wallstent from 6.2 to 5.0 mm, a 
global pressure of approximately 70 mmHg is ex- 
erted. After  correction for the actual fibre surface 
area, because the stent is not a closed cylinder but 
an open weave structure, this results in a local pres- 
sure of the individual wires of more than 
400 mmHg. The polyester stent shows increases in 
radial pressure, after reduction of the diameters 
from 5.3 to 4.0 mm, similar to those observed with 
the stainless steel stent. Measurements at 37 ~ C and 
at 20 ~ C gave identical results. 

Hysteresis-fike behaviour after release in vitro 

Unlike the stainless-steel Wallstent, the self-ex- 
panding polyester stent did not return to its uncon- 
strained diameter after release from the delivery 
catheter (Fig. 4). At 30 minutes and at 15 hours after 
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Fig. 3. Pressure-diameter relation of the stainless steel Wallstent 
(squares) and the polymer (po!yethylene-terephthalate) stent 
(circles). Reducing the diameter of both stents results in an 
equivalent build-up of radial pressure assuming the stents are 
closed cylindrical structures ('global' pressure, closed symbols). 
Correcting for the open surface area of the stents results in even 
more impressive pressures at the wire surface (open symbols). 
The curve for the polymer stent shows hysteresis-like behaviour, 
as the pressures needed to constrain the diameter of the stent are 
considerably less after 5 minutes (downward pointing arrow). 
Data for the Wallstent prosthesis were published earlier [19]. 

release, the polyester stent had lost 7% of  its un- 
constrained diameter. 

In vivo implantation 

Placement of all stents seemed easy at the preselect- 
ed arterial sites. After  4 weeks one stented femoral 
artery proved subtotally occluded by angiography. 
An unexpected finding at autopsy was that in one 
animal both stents were found patent at the aortic 
bifurcation, extending into, but not occluding, the 
origin of both iliac arteries. 

Quantitative angiography 

The mean diameter at the site of the stents in the 
arteries with correctly placed stents measured be- 
fore implantation 3.3 + 0.2 mm in diameter (Table 
1). After  implantation this value was 3.2 + 0.2 mm, 
confirming that the stents did not overstretch the 
vessels. At  four weeks the five patent arteries mea- 
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Fig. 4. Percentage change in stent diameter from unconstrained 
diameter (0 %) of the polyester stent, compared to the Wallstent. 
Mounting both types of stents on a delivery system reduces their 
diameter by 50%. Subsequent release causes the Wallstent to re- 
gain its original diameter immediately. The polyester stent does 
not return to its original diameter within 30 minutes. 

sured 3.1 + 0.3 mm,  while one  s tent  was found  sub- 

totally occluded with a d iamete r  of 0.8 mm. The  

m e a n  difference be tween  the lumina l  d iameters  at 

four  weeks and immedia te ly  after imp lan t a t i on  was 

0.5 m m  (95% conf idence  limits: - 0 . 5 4 r a m  and  

+ 1.54 ram, P > 0.05). 

l n t r av as cu la r  u l t ra sound  

Using  in t ravascular  u l t r asound  the stents  could be 

easily ident i f ied incorpora ted  in  the respect ive ar- 

teries. Ind iv idua l  struts of the stents were no ted  to 

be highly echoref lec tant  with or wi thout  reverber-  

a t ions b e y o n d  the s tent  (Fig. 5). The  na t ive  femora l  

ar tery was recognized as a h o m o g e n e o u s  bright  ar- 

terial  wall cor responding  to the elastic na tu re  of the 

vessel. The  length  of the endopros thes is  deter- 

m ined  with the u l t r a sound  device co r responded  

closely with the actual  length  of the s tent  in the ex- 

cised histological  specimen.  

In  addi t ion,  neo in t ima l  hyperplas ia  was recog- 

nized as the presence  of a soft echos t ruc ture  inside 

the l u m e n  super imposed  to the s tent  surface. 
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Fig. 5. Representative intravascular ultrasound images of the 
femoral artery and stent. Panel A shows the femoral artery rec- 
ognized as a homogeneous echoreflectant structure. Panel B 
shows the junction of femoral artery to stent; the individual 
fibres are seen as highly bright echoes (open arrow in B, C and 
D). Differentiation can be made between the stent without (pan- 
el C) and with intimal hyperplasia (panel D, white, closed ar- 
rows). 

Table 1. Individual and mean values of the average diameters of 
the stented arteries as determined by quantitative angiographic 
analysis. 

Animal Artery Pre-stent Post-stent 4 weeks 
number (ram) (mm) (mm) 

3368 I femoral 3.8 3.2 3.4 
3368 1 carotid 3.9 3.5 4.0 
3378 r fern 3.0 3.3 2.7 
3378 1 fern 2.9 3.3 2.6 
3391 r fern 2.8 3.6 2.9 
3391 I fern 3.3 2.5 0.8 

Mean _+ sem 3.3 _+ 0.2 3.2 _+ 0.2 2.7 + 0.5 

r/1 fem = right/left femoral artery; I carotid = left carotid artery. 
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abnormal i t ies  of the media  were not  observed.  The  

neo in t ima  measu red  on  top of the po lymer  fil- 

aments  had a thickness of 114 + 38 gm and  be tween  

the fibres 246 + 44 gm (Table 2). The  media  unde r  

the threads had a thickness of 132 + 41 ~tm, and be- 

tween the threads 173 + 41 g m  (n = 5). The  differ- 

ence in thickness of bo th  the neo in t ima  and the 

media  at the two sites did not  reach levels of statisti- 

cal significance (P = 0.09). 

Discussion 

Fig. 6. Light microscopical picture of a porcine femoral artery 
four weeks after implantation of the polymer stent. During pro- 
cessing the polymer material has been removed. The voids for- 
merly occupied by the stent fibres have been indicated (*). The 
elastin stain (resorcin-fuchsin) shows elastin fibres in black. 
Clearly the impression of the media is shown at both fibre cross- 
ings. The neointima on top of the fibres has a limited thickness, 
and shows some neovascularizations indicating the organization 
of thrombus. 

Histology 

Macroscopical ly the stents p roved  expanded  as ex- 

pected,  and  collapse or recoil was never  observed.  

The luminal  side was covered by a thin gl is tening 

membrane .  Light microscopy revealed that the 

stent  was complete ly  e m b e d d e d  in the vascular  

wall. O n  top of the fibres a neo in t ima  consist ing of 

smoot  muscle  cells in a col lagenous matr ix  was ob- 

served, while a mild in f l ammatory  react ion sur- 

r o u n d e d  the fibres (Fig. 6). The  media  unde r  the 

fibres was impressed by 27% (Table 2), bu t  other  

Choice of  polymer and construction of  stent 

Polye thy lene- te rephtha la te  is current ly  the most  

f requent ly  used mater ia l  for vascular  grafts. It has 

considerable  tensile s t rength and  stiffness, and is 

easy to handle  for cons t ruct ion  or design purposes.  

The  uptake  of water  is maximal ly  0.1%, and  does 

no t  inf luence mechanica l  behav iour  or glass transi-  

t ion t empera tu re  of the polymer,  an impor t an t  

quali ty of a mater ia l  i n t ended  for implan ta t ion  in 
vivo. The mechanical  propert ies  of (drawn) poly- 

ester fibres can be var ied within cons iderable  limits 

depend ing  on  processing condit ions.  

In  vitro pressure-diameter relationship and hystere- 
sis-like behaviour 

The  results of the in vitro measu remen t s  conf i rm 

Table 2. Individual and averagee values of the thickness of the vessel wall layers as measured by morphometry. 

Animal Artery Neointima Neointima stent Media Media stent Medialimpression 

3368 r fern 133 • 15 42 + 10 131 + 24 81 _+ 7 38% 
3368 1 car 228 _+ 26 78 _+ 13 334 + 16 296 + 18 12% 
3378 rfem 193_+ 12 51 _+5 115 +2 90+5 21% 
3378 I fern 285 _+ 55 150 _+ 28 147 _+ 8 105 _+ 10 29% 
339l r fern 392 _+ 27 246 _+ 17 135 _+ 3 87 _+ 3 36% 
3391 1 fern occlusion 

Mean _+ sere 246 _+ 44 114 _+ 38 173 _+ 41 132 + 41 27 +_ 5% 

(gm, mean _+ sem); r/1 fern = right/left femoral artery; I car = left carotid artery; neointima/media = neointima/media between stent fibres; 
neointima/media stent = neointima/media on top of stent fibres. 



that the stiffness of the polyester stent construction 
is similar to that of a stainless steel stent. 

The mounting- and release-experiments, how- 
ever, suggest hysteresis-like behaviour that de- 
creases the radial pressure of the polyester device at 
implantation. This hysteresis-like behaviour is part- 
ly attributable to the braided construction, and is 
partly a feature of the polymer material itself. The 
initial loss of radial pressure may even be an advan- 
tage, as one of the most likely causes of extensive 
neointimal proliferation and restenosis is the acute 
barotrauma to the vessel wall [14]. The employment 
of polymer stents may reduce acute vessel wall 
damage, because of a slower build-up of radial pres- 
sure and, consequently, a softer settling of the po- 
lymer stent against the arterial wall. In addition, 
some polymer materials may simulate the stress- 
strain response of a blood vessel much closer than 
metal. So, in contrast to metallic, self-expanding 
stents, which are associated with an increased risk 
of restenosis when more than 0.7 mm oversized 
compared to the target vessel diameter [15], this 
polyester stent has to be selected having a consid- 
erably larger (2 mm, 60%) nominal diameter to ef- 
fectively splint the artery. 

In vivo implantations 

Implantation of the polyester stents itself was un- 
eventful, although two stents were eventually found 
in the aortic bifurcation, most likely due to incor- 
rect placement by the prototype delivery-system, 
although stent migration as a cause cannot be ex- 
cluded. After four weeks five of the six properly 
placed stents were patent, with only limited neointi- 
real proliferation. These results are considerably 
better than those reported for an other polyester 
stent [16]. At least two factors may be important in 
the interpretation of this difference in results: a. in 
the study reported by Murphy et al. stents with an 
unconstrained diameter of only 3 mm (contrary to 
our stents of 5.3 mm) were used in the coronary cir- 
culation, which may explain the 100% occlusion 
rate, most likely due to thrombosis, since polyester 
can activate platelets systemically [17], and b. the 

composition of the 
identical. 
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polyester was probably not 

Angiography 

Quantitative angiographic assessment showed no 
increase in luminal diameter after stenting (dia- 
meter change -0.1 + 0.2 ram, i.e. no oversizing). 
The fact that the arteries were not overstretched 
may have contributed to the high patency rate. In 
addition, the angiographic data verified that the 
considerable hysteresis-like behaviour, found in vit- 
ro, also occurred in vivo. On the other hand, the 
stents proved firm enough to resist vasospasm, 
which is always present to some extent after the 
placement of stents in porcine arteries. 

Morphology and intravascular ultrasound 

Microscopical examination showed a limited 
amount of neointimal proliferation in the polyester 
stents. The mean neointimal hyperplasia on top of 
the stent fibres (114_+ 38 Bm) compared well with 
the mean change in angiographically measured lu- 
men diameter. On a qualitative basis this also ap- 
plied to the results obtained with intravascular ul- 
trasound. The number of observations (only 5 
stents) and the range of values did not allow a quan- 
titative relation of the results obtained by the three 
imaging modalities. A high accuracy and precision 
of quantitative angiography to measure the exact 
stenosis dimentions has been demonstrated [18]. 
Larger series of observations are needed to assess 
the accuracy of intravascular ultrasound analysis of 
the hyperplastic response after stent implantation. 

The present study shows the feasibility of the ar- 
terial implantation of polyester stents. The stents 
are not radiopaque during fluoroscopy, but can eas- 
ily be visualized by intravascular ultrasound. Intra- 
vascular ultrasound may therefore prove a useful 
technique for the assessment of correct polymer 
stent placement and may provide us with serial ob- 
servations of the vessel wall healing process post- 
stenting. 
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