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Introduction

Since the first application of percutaneous translu-
minal coronary angioplasty (PTCA) in humans in
1977, catheter-based revascularization has seen tre-
mendous growth. The indications have been expand-
ed; innovative technologies combined; knowledge
about the pathobiology of tissue reactions increased;
and new frontiers in pharmaceutical and molecular
biology research chartered [31]. Now PTCA is
accepted as an efficient therapy in the treatment of
coronary artery disease. However, some limitations
of balloon angioplasty are apparent. Such identified
problems are (a) the inability to dilate resistant or
elastic lesions; (b) inefficiency in controlling or pre-
venting vessel dissection; and (c) the inability to con-
trol restenosis effectively, particularly in long lesions
and after recanalization of chronic or acute (throm-
botic) vessel closure. These shortcomings led to
"new" devices that intended to reduce these prob-
lems.

Of these new devices, coronary stenting has doubt-
lessly revolutionized the clinical practice of interven-
tional cardiology by partially overcoming some of
the described limitations of balloon angioplasty, par-
ticularly abrupt vessel closure and restenosis. The
rate of de novo or provisional stenting in coronary
catheter-based interventions has increased to more
than 60%. A broad spectrum of new indications led
to a reduction in surgical revascularization proce-
dures and stimulated the widespread use of catheter-
based coronary interventions, including ambulatory
procedures (Table 1). The questions remain: Are
these strategic approaches being subjected to pro-
perly controlled clinical trials? Or is this seemingly
zealous fervor with which many practitioners support
universal stent implantation based only on the allure
of the immediate angiographic results and the ease of
implantation [21]? Are coronary stents a break-
through technology or just another small step [19]?
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Despite their proven benefits, metallic stents are still
accompanied by several limitations. Uncoated metallic
stents are thrombogenic, leading to a post-procedural
acute or subacute stent thrombosis rate of 1 to 2% in
normal lesions and 4 to 8% in primarily high-risk le-
sions. While conventional balloon angioplasty applies
a transient strain to the vessel wall, stent deployment
transfixes the artery into a permanently altered shape.
The cellular proliferation, known to be induced by the
transient strain, may be further potentiated by the more
prolonged stimulus of permanent stenting (adjacent
regions). One result is that permanent metallic stents
provoke an exaggerated proliferative myointimal res-
ponse over time, leading to a later marked loss of
lumen. Thus, stent-induced shape change in the arte-
rial segment is somewhat analogous to that observed in
interposition vascular grafts. Just the junctions of stent-
ed and native arterial segments are subject to abrupt
transitions in contour, rigidity, diameter and flow be-
havior. Currently implanted stents need further future
improvements with respect to their long-term biocom-
patibility, antithrombogenicity and antiproliferative
capabilities. Considering these limitations, the optimal
strategy for stent use should be determined by the
results of properly designed clinical trials.

Arterial Stenting

Most human coronary stents are composed of fenestrat-
ed stainless-steel tubes with plastic qualities that per-
mit expansion by balloon inflation. Such pre-mounted
balloon-stent systems are advanced across the lesion
(over a guide wire) after pre-dilatation of the obstruc-
tion or de novo stenting. When fully expanded, the dia-
meter of the selected stent is about 15% larger than the
normal lumen of the target vessel (oversizing). The
stent length spans the entire arterial segment. The
results are confirmed by angiography or intravascular
ultrasound. Electively treated patients receive heparin
(procedural dosage only) and are (pre-) treated with
antiplatelet agents (ticlopidine, aspirin) over a one-
month period.

Advantages and Disadvantages of Permanent
Metallic Stent Implantation

Stenting today is safe, with a success-rate of 98%; has
an improved early and late (6 months) outcome in
combination with antiplatelet therapy; allows increas-
ing the spectrum of indications in chronic and acute
coronary artery disease; and lends safety in practicing
coronary interventions without in-house heart surgery
(stenting as a back-up procedure).
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Table 1. Indications for coronary stenting in uncoated metallic stents.
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Results of Clinical Trials

Subacute/acute closure
Advances in stent deployment techniques (high-pres-
sure inflation, oversizing) and stent design (smooth
surface, thin stent struts, low turbulence, increased
stent-to-vessel-wall adaptation) have achieved low
thrombosis rates (1 to 2%) with conventional antipla-
telet therapy alone (ADP- and cyclooxygenase-inhibi-
tion) in carefully selected cases [2][6]. However, in
many clinical situations, such as unstable angina, acute
myocardial infarction, post-angioplasty failure (bail-
out), low flow conditions, identifiable thrombus,
recanalized chronic total occlusion, the risk of stent
thrombosis is increased to 4 to 8% [1][7][12][17][20].
In the majority of such cases, acute stent thrombosis
leads to myocardial infarction. Thus, clinicians and
stent manufacturers are still seeking the best means to
lower this thrombotic risk potential.

Restenosis/late outcome
Restenosis, which occurs in 30 to 50% of the patients,
is an important limitation of conventional balloon
angioplasty. Different risk factors are identified, for
example: previous myocardial infarction, small diame-
ter of the reference segment, asymmetric lesion, loca-
lized thrombosis, vein graft obstructions, extensive
plaque burden, higher grade of residual stenosis, dia-
betes mellitus, and proximal lesions in the left anterior
descending artery. Taking these problems into conside-
ration, three randomized trials were conducted
(STRESS, BENESTENT, REST). In the BENE-
STENT and STRESS trials [9][25] the use of balloon
angioplasty or stenting in patients with new lesions
was studied. The purpose of the REST trial [8] was
evaluating stenting as compared with standard balloon
angioplasty in the treatment of restenosis after angio-
plasty. The STRESS trial showed that stents could
reduce restenosis rates from 42% to 32%, and the
BENESTENT trial had a similar rate of reduction, 32%
to 22%. In the REST trial stenting resulted in a lower
rate of recurrent stenosis after conventional balloon
angioplasty when compared with stand-alone balloon
angioplasty (32% to 18%). This obviously beneficial
effect of stenting is presumably due to better vessel
geometry, because stents induce more neointima for-
mation than balloon angioplasty alone.
Nevertheless, restenosis remains a highly problematic
entity. It should be kept in mind that the carefully ran-

domized STRESS and BENESTENT studies involved
about 20% of the lesions treated in daily practice. Most
lesions encountered in clinical practice are "complex"
lesions and are excluded from these studies. Thus, in
another trial, the SAVED trial, routine stent placement
for vein graft lesions was not associated with a signifi-
cant reduction in restenosis when compared with
standard balloon angioplasty. Different single- and
multicenter clinical trials considering the restenosis
rate of long-term stent or multiple stent implantation
showed restenosis rates of about 35% [21]. On the
other hand, stent trials — most are still in progress —
demonstrat-ed a trend toward lower restenosis rates
(and higher primary success rates) of coronary stenting
in myocardial infarction (PAMI).
Compared with the results of stand-alone angioplasty,
stenting of non-acute total coronary occlusions lowers
the 6-month restenosis/reocclusion rate of 50 to 70% to
about 30% [23]. Elective stent placement provides
angiographic and clinical outcomes superior to balloon
angioplasty in vessels slightly smaller than 3 mm [24].
The restenosis rate occurred in 34% of the patients
assigned to stenting and in 55% of the patients
assigned to conventional angioplasty. This effect
remains stable after one year with an event-free survi-
val of 78% in the stented group and 67% in the angio-
plasty group. A continued benefit over time (12
months) using de novo stenting as opposed to balloon
angioplasty could be demonstrated in transplant vascu-
lopathy [13]. The observed restenosis rate of 17% after
12 months was accompanied by a significantly lower
rate of incidence for cardiac events over a two-year
follow-up period when compared with balloon-dilated
patients.

Innovations in Coronary Stenting

Surface coating/degradation
Approaches to reducing stent thrombogenicity are
varied. The heparin-coated stent [11] evaluated in the
BENESTENT II study yields important benefits and
reduces the rate of acute/subacute stent thrombosis,
and obviously the restenosis rate as well, in this
carefully selected patient group.
Another new concept for improving material hemo-
compatibility is to coat the material with an active pas-
sivation semiconductor [3,4]. Using an amorphous
alloy of silicon and carbon as a coating substance
(hybrid design), electronic requirements are fulfilled
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neointimal proliferative response could be generally
demonstrated [15][32]. Nevertheless, new types of
polymers and/or different conceptions of degradation
may show some promise.

Brachytherapy
The radiotherapy is currently being tested as an ad-
junctive therapy to angioplasty. Stent-bound radioac-
tive sources can deliver effective doses of radioactivi-
ty to the vessel wall. There is clear evidence that such
local radiotherapy can reduce the neointimal prolifera-
tive response in humans. In contrast to other (loading)
methods, beta-emitting radioactive stents provide a
more favorable dosimetry. Just the local dose (depend-
ing on the lesion) and the timing are critical to success.
Obviously, brachytherapy remains high on the list of
potentially efficacious treatment modalities. However,
the question will remain "Too little, too big, too soon?"
[28]

Adjunctive pharmacologic treatment
With respect to hemocompatibility, the dominant
abnormality after implantation of vascular stents is
related to platelet activation [22]. Consequently, the
benefit of an adjunctive antiplatelet approach (aspi-
rin/ticlopidine/clopidogrel) over the traditional therapy
in the early phase of coronary stenting was impressive.
Combined with a more optimal stent deployment
(higher dilatation pressures), this adjunctive therapy
resulted in a marked reduction in the incidence of stent
thrombosis. In parallel, the simplification of such a
combined interventional-pharmacologic regimen has
greatly reduced the cost by making overnight hospital
stays routine, along with the possibility of transform-
ing stent implantation to an outpatient procedure in
some patients [16]. Considering the knowledge that a
final common pathway for platelet aggregation exists
(the glycoprotein IIb/IIIa receptor), new types of
impressive platelet inhibitors were developed on a
monoclonal antibody basis [5] and non-antibody-basis
[27]. At this time, the greatest treatment benefit using
such new adjunctive pharmacologic therapy in coro-
nary stenting appears to be in patients with unstable
angina, acute thrombotic events, residual thrombus
formation and so-called type C lesions. In addition to
the clear benefit in the acute phase during and shortly
after stenting, a salutary effect should be expected
regarding restenosis. A long-term inhibition of a plate-
let aggregation response results in a lesser local re-

for reducing the electron transfer from the metallic sur-
face to the fibrinogen. Such fast electron transfer is
necessary for breaking the fibrinopeptide bonds (the
fibrinogen activation), and the subsequent fibrin-
monomer polymerization will be avoided. Also, such
material coating allows a continuous adjustment of the
electronic parameters without fundamentally changing
the mechanical properties. These coated stents have
nearly the same strut thickness as uncoated stents and
can also be applied with 6-French guiding catheters.
Preliminary clinical results from this stent type in pa-
tients with a primarily high risk of stent thrombosis are
encouraging with respect to the stent thrombosis rates
and the cumulative late follow-up data [14][18].
Other types of coating (using phosphorylcholine,
fibrin, stent wrapping with autologous vein material or
synthetic polymer (PTFE) or cell seeding/sodding)
may be additionally improved, but material costs and
some logistical problems are difficult to solve and
long-term data do not currently exist to confirm the
lack of late sequelae associated with these strategies. In
addition to these "barrier-orientated" systems, endo-
vascular stents as a reservoir for temporarily admini-
stering drugs to prevent restenosis are receiving atten-
tion. Without systemic side effects, stented segments
can provide a high concentration of drugs or drug com-
posites at the lesion site. To this end, metallic stents are
coated with controlled release matrices. To date, sev-
eral types of drugs have been considered (for example,
hirudin; prostaglandin; platelet-inhibitors, including
IIb/IIIa antagonists; naked DNA or viral vectors; oli-
gosensnucleotides; and others).
Another promising strategy might be the development
of completely biodegradable intravascular implants.
Biodegradable implants in younger patients avoid the
necessity of further dilatation or sometimes surgical
resection of stents, because the range of further stent
dilatation is limited to reach the adequate size for an
adult [26]. Even such types of implants allow the ves-
sel to grow. Using such implants, a more controllable
and long-term local drug delivery could be included to
prevent excessive myo-intimal hyperplasia in and adja-
cent to the stent location (multipotent carrier function).
After degradation a full reconstitution of the physiolo-
gic regional vascular compliance should be expected, a
more physiologic repair (including growth if neces-
sary) is not inhibited. However, using synthetic poly-
mers, a significantly inflammatory and, consequently,
enhanced thrombotic response and an exaggerated
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lease of growth factors and other vasoactive amines.
On the other hand, IIb/IIIa antagonists inhibit the
vitronectin receptor, which is responsible for smooth
muscle cell migration. Preliminary results regarding
in-stent restenosis are encouraging [29].

Need for Further Improvement

Despite the proven phenomenal benefits of stent tech-
nology, placement and adjunctive therapy, stents need
further improvement for the future. The incidence of
stent restenosis remains unacceptably high. The extent
of plaque burden may determine the prognosis, not the
degree of enlargement on the luminogram at the inter-
ventional site. The "oculostenotic reflex" (that is to
perform angioplasty/stenting in all "significant" le-
sions) does not prevent myocardial infarction signifi-
cantly. Unstable lesions that cause plaque-rupture and
myocardial infarction are not necessarily severely ste-
notic, and stenotic lesions are not necessarily unstable
[30][10]. We have to switch (or to expand) our focus
from the current modes of local treatment to more
general plaque passivation with the purpose of further
advancing the long-term outcome of patients treated
with intravascular stents.
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