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In-stent restenosis (ISR) is a major problem within stented arteries. Surface treatment of
stents with platinum and gold were found to have the maximum charge with least
neointima formation (NF). This study was designed to evaluate platinum (maximum
electrical charge) as a material to make stents to reduce NF. Iridium was added to make
an alloy suitable for stent manufacture, with the potential to make the stent radioactive.
We implanted the novel platinum-iridium (PI) stent in 10 porcine coronaries and com-
pared to the Palmaz-Schatz (PS) stent implanted in 8 coronary arteries. Six weeks after
implantation, angiography of the stented vessel was performed before sacrifice. The
coronaries were perfusion-fixed and stained, and vessel parameters were analyzed by
computer-aided histomorphometry. The thrombus formation and the inflammatory re-
sponse was less in the PI stent (0.04 6 0.1 vs. 0.24 6 0.2, P 5 0.005; and 1.1 6 0.5 vs. 2.4 6
0.3, P < 0.001). The NF from PI-stented arteries was smaller in size than the PS controls
(1.9 6 0.6 mm2 vs. 2.4 6 0.4 mm2, P 5 0.06). However, PI stents presented with higher
recoil than the PS stent (16% vs. 5%, P < 0.001). Platinum-iridium is a highly biocompat-
ible material with high performance, low inflammatory response with small NF. This stent
does not lead to thrombus formation and has the potential (due to the presence of
iridium) to be irradiated to form a gamma radioactive stent. Cathet. Cardiovasc. Intervent.
51:364–368, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

In-stent restenosis (ISR), a major problem with stents,
is a consequence of neointimal smooth-muscle prolifer-
ation through the stent struts [1,2]. Several metals, coat-
ings, drugs, and different stent designs have been tested
to reduce neointimal hyperplasia [3–5]. The metals tested
in the development of stents include stainless steel (316
L), tantalum, and nitinol. No local or distant toxicity has
been demonstrated with any of these alloys [6]. Surface
treatments of stents with platinum and gold have been
shown to modify the performance of stents. Low stent
electrical charge correlates with an increased neointima
formation (NF). Platinized or gold-coated stents were
found to have the maximum charge with least NF [7].
This study was designed to evaluate platinum as a ma-
terial to make stents; iridium was added to make an alloy
suitable for stent manufacture, with the potential to make
the stent gamma radioactive. We compared the platinum-
iridium (PI) stent to the Palmaz-Schatz (PS) stent im-
planted in porcine coronaries.

MATERIALS AND METHODS

Stents

The stents were made of platinum-iridium wire (0.15
mm, 90%:10% ratio). Alloying and manufacturing were
done by Touchstone, Bombay, India. The alloy was
passed through a diamond eye and manually drawn into
wire. This wire was mechanically twisted in a zigzag
shape forming the special design. This design allows
folding on any conventional balloon, resulting in a low-
profile 6 Fr guiding catheter compatible stent delivery
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system. The percentage of shortening is limited (, 5%)
and the stent is available in a large variety of lengths
from 12 to 40 mm, allowing customized stenting.

Procedures

All animals were treated and cared for in accordance
with the National Institute of Health Guide for the Care
and Use of Laboratory Animals in Belgium. Sedation,
anesthesia, and stent implantation details have been de-
scribed [8]. Ten PI stents were implanted in the right
coronary artery in 10 pigs. The stents were hand-crimped
on a conventional angioplasty balloon catheter and de-
ployed using an inflation pressure of 8 atm for 30 sec.
Angiography (after 0.25-mg nitroglycerin) confirmed
vessel patency in all animals. No antiplatelet agents or
additional anticoagulants were administered during fol-
low-up. As a control group, 8 Palmaz-Schatz stents, 15
mm, were implanted under similar conditions in eight
right coronary pig arteries. Six weeks after implantation,
control angiography of the stented vessel was performed
before sacrifice.

Quantitative Coronary Angiography

Angiographic analysis of stented vessels was per-
formed before, immediately after stenting, and at fol-
low-up using Polytron 1000 system [8,9]. The diameters
of the stented vessel segments were measured before,
immediately after stent implantation, and at follow-up.
Recoil was expressed as measured maximum balloon
size minus minimal stent lumen diameter measured 15
min after stent implantation divided by measured maxi-
mum balloon size.

Histology and Morphometry

After 6 weeks follow-up, the pigs were sacrificed and
the stented coronary artery was pressure-fixed using a
10% formalin solution at 80 mm Hg. Coronary segments
were carefully dissected together with a 1-cm minimum
vessel segment both proximal and distal to the stent. The
segment was fixed in 10% formalin solution. Tissue
specimens were embedded in a cold polymerizing resin
(Technovit 7100, Heraus Kulzer, Wehrheim, Germany).
Sections were cut 5 microns thick with a rotary, heavy-
duty microtome HM 360 (Microm, Walldorf, Germany)
equipped with a hard metal knife and stained with he-
matoxylin-eosin, Mason’s trichrome, elastic stain, and a
phosphototungstic acid hematoxylin stain. Light micro-
scopic examination was performed by a blinded experi-
enced pathologist. Injury to the arterial wall due to stent
deployment was evaluated for each stent filament site
and graded as described by Schwartz et al. [10]: grade
0 5 internal elastic membrane intact, media compressed
but not lacerated; grade 15 internal elastic membrane
lacerated, media visibly lacerated; grade 25 external

elastic membrane compressed but intact; grade 35 large
lacerations of the media extending through external elas-
tic membrane; grade 45 stent filament residing in the
adventitia. Inflammatory reaction at every stent filament
site was carefully examined, searching for inflammatory
cells, and scored as follows: I5 sparsely located his-
tolymphocytes around the stent filament; II5 more
densely located histolymphocytes covering the stent fil-
ament, but no lymphogranuloma and/or giant cell forma-
tion found; and III5 diffusely located histolymphocytes,
lymphogranuloma, and/or giant cells, also involving the
media. Appearance of thrombus was evaluated for every
stent filament on the phosphotungstic acid hematoxylin-
stained slides and graded as follows: 15 small thrombus
adjacent to the stent filament; 25 thrombus totally
covering the stent filament; 35 big thrombus resulting in
area stenosis of, 50%; 45 big thrombus resulting in
area stenosis of. 50%. The mean score of every factor
was calculated as follows: mean score5 sum of score for
each filament/number of filaments present.

Finally, morphometric analysis of the coronary seg-
ments harvested was performed using a computerized
morphometry program (Leitz CBA 8000). Measurements
of lumen area, lumen area inside the internal elastic
lamina, and lumen inside the external elastic lamina were
performed on those arterial sites visually appreciated as
being the most proliferative. Furthermore, area stenosis
and neointimal hyperplasia were calculated.

Statistics

Arteriographic measurements at 6 weeks following PI
stent deployment were compared with the same measure-
ments obtained for PS stents using unpaired two-tailed
student’st-test. Data are presented as mean value6 SD.
Significance was established at the 95% confidence level
(P , 0.05).

RESULTS

Quantitative Coronary Analysis

Ten pigs had a good angiographic result 20 min after
the PI stent placement. An additional eight animals had
the PS stent implanted in eight arteries. All these pigs had
a follow-up angiogram at 6 weeks. Stented vessel seg-
ments were processed for histopathology. The results of
the quantitative angiography are shown in Table I. These
results show that the PI stent can be crimped easily on the
balloon and can be deployed well. However, it presents
with higher recoil than the PS stent (16% vs. 5%,P ,
0.001)

Histopathology and Histomorphometry

Hematoxylin-eosin (H&E) and Verhoff van-Giesson
alashi (VVG)-stained sections of all arterial segments
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were examined (Table I, Fig. 1). In injured segments of
both PS- (control) and PI-stented arteries, there was a
variable degree of rupture of the tunica media that re-
sulted in a vessel wall defect. Arteries exhibited replace-
ment of the medial defect with a substantial neointima
consisting mostly of stellate and spindle-shaped cells in a
loose extracellular matrix. Frequently, adventitial reac-
tion and occasional perivascular and rare intramyocardial
hemorrhages were also observed in both groups. A mod-
erate number of sections exhibited hematomas in the
media-adventitia dissection planes. In most sections,
there was perivascular edema and mild to moderate
round-cell infiltration. The thrombus formation and
the inflammatory response (Schwartz criteria) was less
in the PI compared to the PS stent (0.046 0.1 vs.
0.24 6 0.2, P 5 0.005; and 1.16 0.5 vs. 2.46 0.3,
P , 0.001).

The neointimal hyperplasia from PI-stented arteries
was small (1.96 0.6 mm2 vs. 2.46 0.4 mm2 in the PS
controls; P 5 0.06). The cells of the neointima were
morphologically similar. In a moderate number of sam-
ples, there were mural fibrin deposits. There was no
evidence of necrosis or excess of fibrosis.

DISCUSSION

The main findings of the present study are that plati-
num-iridium is a highly biocompatible material with high
performance, low inflammatory response with small NF
as compared to the Palmaz-Schatz stent, and that this
material does not lead to thrombus formation despite not
using any antiplatelet drugs postprocedure.

Fig. 1. Histological appearance of porcine arteries subjected
to intracoronary stenting. Control PS-stented arteries (A). PI-
stented arteries (B). The animals were sacrificed 6 weeks after
stent placement.

TABLE I. Quantitative Coronary Analysis, Histopathologic Findings (Schwartz Criteria),
and Morphometric Analysis

Platinum-iridium
stent (n 5 10)

Palmaz-Schatz
stent (n 5 8) P

Quantitative coronary analysis
Prestenting (mm) 2.496 0.14 2.906 0.20 ,0.001
Balloon size (mm) 3.036 0.04 3.486 0.14 ,0.001
Poststenting (mm) 2.546 0.16 3.306 0.13 ,0.001
Oversizing (%) 21.76 6.2 20.06 6.0 0.566
Recoil (%) 16.06 4.0 5.06 3.0 ,0.001
Six-week follow-up (mm) 2.436 0.21 3.446 1.00 0.006

Histopathologic findings
Injury score 0.626 0.35 0.546 0.35 0.590
Thrombus 0.046 0.10 0.246 0.16 0.005
Inflammatory response 1.126 0.54 2.406 0.31 ,0.001

Morphometric analysis
Lumen area (mm2) 1.386 0.46 0.946 0.58 0.091
IEL area (mm2) 3.286 0.64 3.336 0.37 0.847
EEL area (mm2) 4.946 1.45 5.296 0.67 0.539
Neointimal hyperplasia (mm2) 1.906 0.64 2.406 0.36 0.067
Area stenosis (%) 58.06 16.0 71.06 12.0 0.075
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This balloon-expandable PI stent is easy to mount on
any conventional balloon catheter and easy to deploy.
This stent was found to be more radiopaque than the
PS stent, with a higher flexibility and deliverability.
The inflammatory response as assessed by Schwartz
criteria was significantly lower than the PS stent. Fur-
thermore, the NF was also significantly lower than the
PS stent.

Intrastent thrombosis was virtually nonexistent. We
were unable to explain this but it may be related to the
alloy. This is relevant as we see high rates of late total
occlusions (thrombosis) following reintervention for in-
stent restenosis with or without brachytherapy [11,12].
The recoil with the PI stent was higher than the PS stent,
as seen in most coil stents and may be reduced with the
use of a thicker wire [5]. A platinum stent has been tested
in earlier animal studies and has been found to have a
good radio-opacity with good short-term patency. The
clinical results are awaited [13].

The major potential advantage of this stent is the
presence of iridium, which may be irradiated to form a
gamma radioactive stent. Recent animal and clinical
studies have demonstrated that intracoronary radiation
with Ir-192 markedly reduces neointima formation and is
emerging as a potential cure for restenosis [14–16].
Furthermore, recent studies with the beta-emitting stents
(Phosphorus-32) have shown mixed results, with a high
rate of edge restenosis [17]. This edge restenosis is
possibly due to the sudden dose fall-off at the edges,
injury, and/or delayed healing. The suggested mecha-
nisms to combat edge restenosis are: the square shoul-
dered balloon, the cold-end stent, the hot-end stent, a
hybrid radioactive stent/catheter system, a self-expand-
ing radioactive stent, and the gamma stent [18]. Poten-
tially, this PI stent can be activated to be used as a
low-dose gamma stent with better tissue penetration and
adequate clinical effect. Although exact dosimetry will
vary depending on the geometry and design of the stent,
an estimated activity of 30mCi of Ir-192 can deliver 10
Gy to 1 mm from surface of the stent (based on the point
source gamma factor of Ir-192) [19] and will not pose a
radioactive hazard to the patient, relatives, and personnel.
This study has some limitations, as the coil design PI
stent was implanted in the noninjured, nonatherosclerotic
porcine coronaries and compared to the tubular PS stent
at only one time point.

Platinum-iridium is a highly biocompatible material
with high performance, low inflammatory response with
small NF as compared to the Palmaz-Schatz stent. This
stent does not lead to thrombus formation and has the
potential (due to the presence of iridium) to be irradiated
to form a gamma radioactive stent.

ACKNOWLEDGMENTS

The authors thank Anil Bharwani for the alloying of
platinum-iridium wire in India.

REFERENCES

1. Lablanche LM, Danchin N, Grollier G, Bonnet JL, Bedossa M,
Vahanian A, McFadden EP, Gauthier L, Bauters C, Bertrand ME.
Factors predictive of restenosis after stent implantation managed
by ticlopidine and aspirin. Circulation 1996;94:I256

2. Hoffmann R, Mintz GS, Dussaillant GR, Popma JJ, Pichard AD,
Satler LF, Kent KM, Griffin J, Leon MB. Patterns and mecha-
nisms of in-stent restenosis: a serial intravascular ultrasound
study. Circulation 1996;94:1247–1254.

3. Van der Giessen WJ, van Beusekom HM, Eijgelshoven MH,
Morel MA, Serruys PW. Heparin-coating of coronary stents. Se-
min Interv Cardiol 1998;3:173–176.

4. Park SH, Lincoff AM. Anti-inflammatory stent coatings: dexa-
methasone and related compounds. Semin Interv Cardiol 1998;3:
191–195.

5. Kutryk MJB, Serruys PW. Stents currently available. In: Kutryk
MJB, Serruys PW, editors. Coronary stenting: current perspec-
tives. London: Martin Dunitz; 1999. p 17–65.

6. Robinson KA, Roubin GS, King SB III. Long-term intracoronary
stent placement: arteriographic and histologic results after 7 years
in a dog model. Cathet Cardiovasc Diagn 1996;38:32–37.

7. Hehrlein C, Zimmermann M, Metz J, Ensinger W, Kubler W.
Influence of surface texture and charge on the biocompatibility of
endovascular stents. Coron Artery Dis 1995;6:581–586.

8. De Scheerder IK, Wang K, Kerdsinchai P, Desmet W, Dens J,
Supanantaroek C, Piessens JH. Clinical and angiographic outcome
after implantation of a home-made stent for complicated coronary
angioplasty. Cathet Cardiovasc Diagn 1997;42:339–347.

9. Barth K, Eicker B, Bittner U, Marhoff P. The improvement of
vessel quantification with image processing equipment for high
resolution digital angiography, In: Lemke HV, editor. Com-
puter assisted radiology. Berlin: Springer-Verlag; 1989. p 220 –
225.

10. Schwartz RS, Murphy JG, Edwards WD, Camrud AR, Vliestra
RE, Holmes DR. Restenosis after balloon angioplasty: a practical
proliferative model in porcine coronary arteries. Circulation 1990;
82:2190–2200.

11. Elezi S, Kastrati A, Hadamitzky M, Dirschinger J, Neumann FJ,
Schomig A. Clinical and angiographic follow-up after balloon
angioplasty with provisional stenting for coronary in-stent reste-
nosis. Catheter Cardiovasc Intervent 1999;48:151–156.

12. Waksman R, Bhargava B, Chan RC, Mehran R, Geirlach L,
Gruberg L, Stone GW, Leon MB. Late total occlusions following
intracoronary radiation therapy for patients with in-stent resteno-
sis. JACC 2000;36(1):65–68.

13. Hijazi ZM. The coronary Angiostent. In: Serruys PW, Kutryk
MJB, editors. Handbook of coronary stents, 2nd ed. London:
Martin Dunitz; 1998. p 85–93.

14. Condado JA, Waksman R, Gurdiel O, Espinosa R, Gonzalez J,
Burger B, Villoria G, Acquatella H, Crocker IR, Seung KB,
Liprie SF. Long-term angiographic and clinical outcome after
percutaneous transluminal coronary angioplasty and intracoro-
nary radiation therapy in humans. Circulation 1997;96:727–
732.

A Novel Platinum-Iridium Stent 367



15. Waksman R, Robinson KA, Crocker IR, Gravanis MB, Cipolla
GD, King SB III. Endovascular low-dose irradiation inhibits neo-
intima formation after coronary artery balloon injury in swine: a
possible role for radiation therapy in restenosis prevention. Cir-
culation 1995;91:1533–1539.

16. Teirstein PS, Massullo V, Jani S, Popma JJ, Mintz GS, Russo RJ,
Schatz RA, Guarneri EM, Steuterman S, Morris NB, Leon MB,
Tripuraneni P. Catheter-based radiotherapy to inhibit restenosis
after coronary stenting. N Engl J Med 1997;336:1697–1703.

17. Albiero R, Adamian M, Kobayashi N, Amato A, Vaghetti M, Di

Mario C, Colombo A. Short and intermediate term results of32p
radioactiveb–emitting stent implantation in patients with coro-
nary artery disease: the Milan dose-response study. Circulation
2000;101:18-26.

18. Serruys PW, Kay IP. I like the candy, I hate the wrapper. Circu-
lation 2000;101:3–7.

19. Shleien B, Slaback LA, Birky BK. Exposure and shielding from
external radiation. In: Shleien B, Slaback LA, Birky BK, editors.
Handbook oh health physics and radiological health, 3rd ed.
Baltimore: Williams and Wilkins; 1998. p 6.1–6.75.

368 Bhargava et al.


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	TABLE I.
	Fig. 1.

	ACKNOWLEDGMENTS
	REFERENCES

