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Abstract

In-stent restenosis is the major drawback of percutaneous coronary interventions,

occuring in 10-40% of the patients. Recently, new stents have emerged which are

loaded with anti-inflammatory, anti-migratory, anti-proliferative or pro-healing

drugs. These drugs are supposed to inhibit inflammation and neointimal growth and

subsequently in-stent restenosis. In this review article the results of human clinical

studies investigating drug-eluting stents are discussed from a clinical point-of-view,

focussing on the efficacy in the prevention of restenosis and their potential side

effects. Both success and failure in the field of drug-eluting stents have been

described. Successful devices are the sirolimus- and the polymer-based paclitaxel-

eluting stent. Potentially dangerous side effects of drug-eluting stents are adverse

drug interactions, incomplete stent apposition and increased in-stent thrombosis

rates. Demonstration of long-term efficacy is mandatory since in some animal

studies a delayed healing has been observed. Currently, the successful drug-eluting

stents are under investigation in all types of lesions. We conclude that the results

with some drug-eluting stents are promising, but further evidence on long-term effi-

cacy and safety, also in high-risk subgroups, is needed.

Introduction

The major limiting factor of balloon angioplasty is the occurrence of restenosis in

about 30-60% of patients, depending on clinical risk factors, lesion characteristics

and technical aspects of the intervention.1 Restenosis is characterized by a three-

stage response of the vessel wall to balloon dilatation-induced injury: acute elastic

recoil, negative remodeling, and neointimal proliferation.2 The first, partly effective,

strategy to lower the restenosis rate has been intracoronary stenting.3,4 Intracoronary

stenting has resulted in a decline of the restenosis rate to 10-40% by the virtual elim-

ination of elastic recoil and negative remodeling.5,6 However in-stent restenosis,

mainly due to neointimal proliferation, remains the major limiting factor of percu-

taneous interventions for coronary artery disease.

The pathological process of in-stent restenosis is characterized by an inflammatory

healing response after damage of the vessel wall.7-10 Initially, platelets are activated

and attach around the stent struts followed by adhesion of inflammatory cells.

Cytokines and growth factors are released, leading to smooth muscle cell (SMC)

migration and proliferation. The peak in neointimal volume is present at three to six
2
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months after stent implantation followed by a 25% reduction in neointimal volume

due to replacement of SMC by extracellular matrix.11-14 Based on observations that in-

stent restenosis is a consequence of inflammation and SMC proliferation, several

immunosuppressive and anti-proliferative therapies have been investigated to

inhibit these processes. The results of intracoronary brachytherapy to prevent in-

stent restenosis have been disappointing, although brachytherapy may be an effec-

tive treatment of diffuse in-stent restenosis.15 Systemic drug therapies generally

failed in humans and have been hampered by systemic side effects.16 Recently,

dexamethasone and sarpogrelate were shown to be effective in selected patients.17,18

Until recently, locally delivered drugs have been unsuccessful in humans due to

rapid washout of the drug.19 Heparin coating was one of the first attempts to use

stent-based drug delivery, but this approach failed to reduce restenosis rates.20

Here, we first outline the concept of drug-eluting stents. Secondly, we review the

current clinical drug-eluting stent studies. Finally, we discuss some topics as long-

term efficacy, side effects and implantation techniques from a clinical point-of-view.

The drug-eluting stent

In recent years, the combination of stent properties to inhibit recoil and negative

remodeling with drugs that inhibit neointimal proliferation, utilizing the stent as a

local delivery platform, have emerged as a highly promising alternative to reduce in-

stent restenosis. Generally, the drug-eluting stent consists of three major compo-

nents: I) the drug, II) the polymer coating, and III) the stent.

I) The drug

The drug is the biologically active agent that has to inhibit the formation of neointi-

mal hyperplasia by suppression of platelet activation, suppression of inflammatory

response, inhibition of SMC migration or proliferation, or promotion of healing.

Ideally, this drug also has an outstanding overall safety profile and a broad thera-

peutic window. Figure 1 shows an overview of the main targets of drugs used on cur-

rent drug-eluting stents. Most of these drugs have been originally used as

chemotherapeutic agents, drugs for anti-transplant rejection, or immunosuppres-

sive drugs. Besides the biological effects the drugs have their own chemical proper-

ties, which influence achieving optimal tissue levels and the possibilities for loading

on a stent. Tissue levels depend on lipophilic or lipophobic characteristics, molecu-

lar weight and the degree of protein binding of the used drug.21,22 Some drugs can be

loaded directly onto the metallic surface of the stent, but most drugs need a polymer

coating, which forms a reservoir for the drug.
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Figure 1. Main targets of drugs in relation to the cell cycle.

II) The polymer coating

Polymer coatings are needed for most drugs because they do not adhere to the

metallic stent surface per se. The polymer coating also dictates drug-elution

kinetics, which can be varied by using multiple polymer layers to achieve optimal

drug release over time. Until recently, the polymer coating was the major limiting

factor in the development of drug-eluting stents. Initially, all biodegradable or non-

biodegradable polymers induced an increased inflammatory reaction and enhanced

neointimal proliferation.23 Later, some polymers were found to be biologically inert

and stable for at least six months or biodegradable without increased proliferative

response.24,25

New developments are biocompatible and inorganic coatings. Biocompatible coat-

ings mimic the surface of normal tissue or cells. Phosphorylcholine-coating does not

interfere with reendothelization and the degree of neointimal formation and thus is

one of the platforms particularly suited for stent-based drug delivery.26 The purpose

of inorganic substances as stent coating is to improve the electromechanical proper-

ties. This has to result in reduced platelet activation and inflammatory response.

Ceramic stents with nanocavities containing tacrolimus are among the promising

new devices under investigation. 2
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III) The stent

The ideal drug-eluting stent is flexible, has a good radial strength and a large surface

area to load one or more drugs. The gaps between the struts have to be small to get

optimal and equal distribution of the drug over the target area. Stent material, elec-

trophysiological properties and biocompatibility of the stent surface also influence

neointimal proliferation.27

Theoretically, a drug-eluting biodegradable stent may be the ideal solution to pre-

vent in-stent restenosis. The early response to vessel wall damage can be suppressed

by the drug, whereas elastic recoil and negative remodeling can be prevented by the

stent. Eventually, the stent will be degraded over time and chronic vessel wall injury

will be prevented. In the past, biodegradable stents induced increased neointimal

proliferation due to an enhanced inflammatory reaction except for the poly-l-lactate

biodegradable stent.28 A biodegradable stent eluting tranilast, an immunosuppres-

sive drug, is currently under investigation.

Currently, all stents used as a drug delivery vehicle are conventional stents, not spe-

cially designed for this purpose. Although unknown, the design of these stents could

be non-optimal to be used as a drug-eluting stent. The ConorTM drug-eluting stent is

under investigation as a specially designed drug vehicle.29 This stent has laser-cut

pockets in which different drugs at different doses with different types of polymers

can be combined to get optimal drug elution over time and at different locations of

the target lesion. For the future, a further adaptation of stent designs to get optimal

properties for drug loading can be expected. In conclusion, the ideal drug-eluting

stent is a harmonized composition of a drug, a stent and a polymer.

Results of drug-eluting stent studies

In Table 1, the findings of drug-eluting stent studies are listed with regard to lesion

and stent characteristics, angiographic (in-stent restenosis rate, late loss) and clini-

cal endpoints (MACE rate, target lesion revascularisation rate, myocardial

infarction and death rate). Some of these studies are presented at major congresses

and in the process of being published.

Sirolimus

The target of sirolimus is mTOR (mammalian target of rapamycin) that regulates

protein translation, resulting in a G1 arrest of the cell cycle and inhibition of vascu-

lar SMC migration, proliferation and growth.30 Sirolimus is also a strong inhibitor of

inflammation without cellular toxicity in low doses. Clinical studies that

have addressed sirolimus-eluting stents are: RAVEL,31 SIRIUS,32 E-SIRIUS33 and 
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C-SIRIUS. Currently, the sirolimus-eluting stent is being investigated in all types of

lesions and patients in clinical studies and registries, such as restenotic lesions,

bifurcation lesions, acute coronary syndromes, diabetics and multi-vessel disease.

Especially important will be the FREEDOM trial which will randomize diabetics

with multi-vessel disease to CABG or sirolimus-eluting stent placement in conjunc-

tion with abciximab. The primary endpoint will be five year mortality.

Everolimus

Everolimus is an analogue of sirolimus with essentially the same mode-of-action.

Everolimus is a strong anti-proliferative drug. In the first pilot study, a significant

reduction in neointimal volume has been observed. Further clinical investigations

with this drug are currently ongoing.

Paclitaxel

Paclitaxel belongs to the group of taxanes which are potent anti-proliferatives used

to treat cancer. The mode-of-action is polymerisation of the α- and β-units of tubu-

lin, thereby stabilizing microtubules which are needed for G2 transition into M

phase.34 In low doses this results in a nearly complete inhibition of growth, prolifer-

ation and migration of SMC for a long period because of the structural changes in

the cytoskeleton.

The studies investigating paclitaxel-eluting stents can be divided into two groups:

non-polymer-based (ELUTES,35 ASPECT,36 DELIVER) and polymer-based paclita-

xel delivery (TAXUS-I,37 II38 and IV). The polymer-based paclitaxel-eluting stents

have been effective in reducing restenosis. The non-polymer-based paclitaxel-elut-

ing stent studies showed different results. There was a dose-dependent reduction in

in-stent restenosis rates in ELUTES. In ASPECT there was a reduction in in-stent

restenosis rate, but also an increase in subacute thrombosis rate in the drug-eluting

stent groups associated with the use of Cilostazol. The DELIVER-I study failed to

show a significant reduction in target lesion revascularisation.

QP-2 (or 7-hexanoyltaxol)

The QuaDDS-QP2 stent contains a high dose of taxol-derivate released from poly-

mer sleeves. The mode-of-action of QP-2 is essentially the same as for paclitaxel.

The first pilot study showed promising results, but the results of the SCORE trial

have been disappointing.39-41 Although a significant reduction in neointimal volume

at six months was observed, an increase in myocardial infarction and cardiac death

rates occurred in the drug-eluting stent group due to late in-stent thrombosis.41,42
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Actinomycin-D

Actinomycin-D is a chemotherapeutic drug, which blocks the cell cycle in the S

phase by blocking the transcription of DNA. In animal studies, actinomycin-D

inhibits SMC proliferation in a dose-dependent manner. The ACTION trial was pre-

maturely stopped due to increased restenosis rates in the actinomycin-D groups.

Other drugs

Several drugs are currently under investigation in animals and humans. A pilot

study using the batimastat-eluting Bx-Velocity stent showed a six month restenosis

rate of 25%. Batimastat inhibits SMC migration. Seen this restenosis rate, a large

trial with this drug will not be started. The dexamethasone-eluting BiodivYsio stent

showed a 13% restenosis rate after six months. The EASTER trial investigated 30

patients with the 17β-estradiol-eluting BiodivYsio stent. 17β-estradiol is a vascular

healing promoting drug, mainly targeting the endothelium. The restenosis rate at six

months was 6.6%.43 The ENDEAVOR-I study investigated ABT-578 (a sirolimus

analogue). The four months target lesion revascularisation was 2.5%. Some of the

other drugs under investigation in humans and animals are tacrolimus, mycopheno-

lic acid, cyclosporin, tranilast, angiopeptin, latrunculin-A, cytochalasin-D, c-myc

antisense, vascular endothelium growth factor (VEGF) and nitric oxide (NO). Other

developments are the CD34 antibody-coated stent and endothelial progenitor cell-

seeded stent.44,45 The aim of these devices is fast reendothelization and repair of

endothelial function. This should limit the inflammatory reaction and consequently

neointimal proliferation.

Specific subgroups

In Table 2, findings with regard to target lesion revascularisation rates for specific

subgroups are listed. According to current evidence, drug-eluting stents are effective

in long lesions and small vessels. In the case of diabetics, both the sirolimus- and the

paclitaxel-eluting stents are effective to prevent restenosis. However for both

devices there was no significant reduction in target lesion revascularisation rates for

insulin-dependent diabetics. This could be due to small patient numbers and low

statistical power. However, the amount of reduction in late loss was less compared

with non-insulin dependent diabetics and non-diabetics, especially in sirolimus-

eluting stents. The clinical benefit of drug-eluting stents in patients with insulin-

dependent diabetes remains therefore uncertain but seems to be promising. Further

research is needed to clarify the pathophysiological mechanisms contributing to the

decreased drug response in this important subgroup of patients. Some small
2
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Table 2. Results with drug-eluting stents in specific subgroups.

MB:  main branch; SB: side branch; TLR: target lesion revascularization.

*Per protocol analysis.

**Including: multivessel disease, restenotic lesions, bifurcation lesions, chronic (sub)total occlusions, small vessels and

long lesions.

30

 

      

Study Drug Polymer N Fup(M) TLR(%) 

      

Diabetic patients      

SIRIUS subgroup analysis      

Non-insulin dependent paclitaxel yes 93 9 4.4% 

 bare stent  104  23.8% 

Insulin dependent paclitaxel yes 38  13.9% 

 bare stent  44  20.8% 

TAXUS-IV subgroup analysis      

Non-insulin dependent paclitaxel yes 104 9 4.8% 

 bare stent  109  17.4% 

Insulin dependent paclitaxel yes 51  5.9% 

 bare stent  54  13.0% 

      

Bifurcation lesions      

SIRIUS-bifurcation study*      

Stent MB + Stent SB sirolimus yes 63 6 9.5% 

Stent MB + PTCA SB sirolimus yes 22  4.5% 

      

Small vessels      

SIRIUS subgroup analysis      

vessel diameter <2.75 mm sirolimus      yes 9 6.3% 

 bare stent  
523 

 18.7% 

TAXUS-IV subgroup analysis      

vessel diameter <2.5 mm paclitaxel yes 206 9 3.4% 

 bare stent  214  15.4% 

E- and C-SIRIUS (Table 1)      

      

Long lesions      

SIRIUS subgroup analysis      

lesion length >13.5 mm sirolimus yes 9 5.2% 

 bare stent  
519 

 17.4% 

TAXUS-IV subgroup analysis      

lesion length >20 mm paclitaxel yes 91 9 3.3% 

 bare stent  97  18.6% 

      

Restenotic lesions      

Liistro et al. QP-2 sleeves 15 6 20.0% 

    12 60.0% 

TAXUS III paclitaxel yes 28 6 17.9% 

    12 17.9% 

Degertekin et al. sirolimus yes 16 4 0.0% 

    9 0.0% 

Sousa et al. sirolimus yes 25 4 0.0% 

    12 0.0% 

      

Complex lesions      

DELIVER-II study** paclitaxel no 1531 6 10.5% 



registries investigated drug-eluting stents in restenotic lesions.46-49 The short-term

results of the sirolimus-eluting stent in this subgroup of patients are promising but

needs further investigation. The additional value of drug-eluting stents in chronic

total occlusions, acute myocardial infarctions and degenerated vein grafts needs to

be assessed.

Discussion

Long-term outcome

Some drug-eluting stents are effective in preventing in-stent restenosis, although

long-term results from large studies are missing. The longest follow-up period of the

clinical studies is two years in the case of the RAVEL, SIRIUS and TAXUS-I studies.

There was no major increase in target lesion revascularisation rates between one

and two years of follow-up. Theoretically, we could expect a delayed healing due to

inhibitory effects of sirolimus and paclitaxel on the inflammatory and hyperplastic

response to vascular trauma.50 In some animal models a delayed healing between 90

and 180 days after implantation has been observed, while there was evidence of

complete reendothelization after 90 days.51 At present, the long-term pathobiology

of the interference of locally delivered drugs with the complex process that ensues

vascular trauma associated with stent implantation is uncertain. Long-term clinical

and angiographic follow-up is therefore mandatory. In general, it could be argued to

be reluctant with liberal drug-eluting stenting and deploying “full metal jackets” in

multivessel disease at this moment in absence of clear evidence of long-term effica-

cy.

Side effects

The occurrence of late stent malapposition, especially in the sirolimus-eluting stent

studies, is a side effect which is still of unknown clinical relevance. In RAVEL, a 21%

rate of incomplete stent apposition after six months has been observed compared

with 4% in the control group. In SIRIUS, 9% late acquired incomplete stent apposi-

tion has been observed compared with 0% in the bare-metal stents group. Late

incomplete stent apposition was not related to events within 12 months. Most like-

ly, the pathophysiological background is inhibition of normal vessel repair after

injury. This results in positive remodeling and incomplete strut apposition. This is

confirmed by the observation that diabetes mellitus, which shows a more prolifera-

tive healing response, has been a protective factor for occurrence of late incomplete
2
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stent apposition. An other explanation could be that sirolimus or the polymer

induces apotosis or necrosis. The major concern of incomplete stent apposition is

the occurrence of late in-stent thrombosis and myocardial infarction. Invasive fol-

low-up is needed to evaluate the natural course of this finding. Whether incomplete

stent apposition disappears over time as seen in brachytherapy is still uncertain. To

prevent complications of incomplete stent apposition, besides the long-term use of

combined anti-platelet medication, no additional intervention is advocated based on

the absence of related adverse events at present. 

In the DELIVER study, using multivariate analysis, an increased rate of in-stent

restenosis has been observed when glycoprotein IIb/IIIa inhibitors had been used.

Most likely this is due to more frequent use of abciximab in complex lesions, which

also have higher risk of in-stent restenosis. However an adverse drug interaction

between paclitaxel and glycoprotein IIb/IIIa inhibitors should be taken into acount.

In the several TAXUS studies, which also used paclitaxel, this has not been

observed. The pathophysiolgical background and clinical relevance of this finding

remains uncertain.

A potentially important adverse effect of sirolimus is increased platelet aggrega-

tion.52 In combination with delayed re-endothelialisation this could result in higher

in-stent thrombosis rates, especially in high-risk subgroups such as patients with

unstable angina or acute myocardial infarction. The first results of sirolimus-eluting

stent implantation in combination with adequate anti-thrombotic therapy in

patients with acute coronary syndromes did not reveal increased thrombosis rates

during 30 days following the acute event.53,54 Increased thrombosis rates are thus far

not reported in the clincal studies with the sirolimus-eluting stent. However, use of

this stent in the real world for indications not tested in clinical studies might result

in a higher risk of subacute thrombosis. The U.S. Food and Drug Administration

(FDA) published a web notification on this, because they received numerous reports

of subacute thrombosis.55 Therefore, randomized clinical studies in complex lesions

are needed to establish the extent and clinical relevance of subacute thrombosis

after implantation of the sirolimus-eluting stent.

Polymer-related risks

An important factor of uncertainty about the efficacy of drug-eluting stents is the use

of polymers. It is not certain whether the used polymers are stable over a long peri-

od of time and if they are completely inert. In a recent study poly-methacrylate

induced SMC apoptosis in vitro.56 Poly-methylacrylate is the major component of the

polymer used in the sirolimus-eluting stent. Furthermore, the polymer could also be
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damaged due to calcifications or overlapping stenting, which could result in inade-

quate drug release and restenosis. This should be taken into account in the evalua-

tion of long-term effects.

Technical factors 

Complete lesion coverage seems an important issue when drug-eluting stents are

used. In the TAXUS-III study, restenosis was probably caused by insufficient stent

coverage of the treated lesion resulting in restenosis between two stents.49 In the

SIRIUS trial the 8.6% target vessel failure rate was mainly based on proximal edge

restenosis. The rate of geographic miss at the proximal and distal edge of the stent

was 22.9% and 14.7%, respectively. This could be the reason why proximal edge

restenosis occurred relatively often in this study. Later, in E- and C-SIRIUS this

problem was circumvented by coverage of the whole dilated lesion with a drug-elut-

ing stent. Data of the SIRIUS bifurcation trial showed increased restenosis at the

side branches due to incomplete coverage of the lesion by the stent placed in the side

branch (see also Table 2). All these studies show that the implantation technique,

especially whole coverage of the predilated lesion by the drug-eluting stent, is very

important. Direct stenting may prevent geographical miss and thereby edge resteno-

sis in selected lesions if the delivery device does not cause edge trauma outside of the

stent. Further evidence is needed about the efficacy of drug-eluting stents in lesions

in which unequal strut distribution is common (e.g. very angulated or heavy calci-

fied lesions). There is also very little known about the local effects of overlapping

stenting. Does the double dose cause delayed re-endothelialization or toxic side

effects? 

In-stent restenosis in drug-eluting stents

The in-lesion restenosis rate after sirolimus-eluting stent implantation in single de

novo lesions is less than 7% at six months in current clinical studies with sirolimus-

and polymer-based paclitaxel-eluting stents. The first study about in-stent resteno-

sis in “real world” complex lesions reports a rate of about 15%.57 The pattern of

restenosis after sirolimus-eluting stent implantation thus far reported is mainly

focal. Local conditions as geographic miss or discontinuity in stent coverage as a

consequence of stent fracture or gaps between two stents seem to play a major

role.57,58 Further study is needed to determine the backgrounds and treatment

strategy of in-stent restenosis after drug-eluting stent implantation. 2
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Study design

In the drug-eluting stent studies, IVUS and angiography have given important

insights in the amount and distribution of neointimal hyperplasia in relation to

implantation techniques. These invasive techniques are therefore mandatory in the

evaluation of drug-eluting stents. In all these studies the angiographic and IVUS sec-

ondary endpoints have been assessed before the primary clinical endpoints. For

three reasons this approach is problematic. First, evaluating the efficacy of drug-

eluting stents by measuring neointimal volume or late loss has limited value. These

parameters are important for evaluation of the biological effect, but less neointimal

volume does not always mean a better result. If less neointimal volume leads to

incomplete stent apposition than potential dangerous side effects occur. Second,

there is a discrepancy in time between peak in-stent restenosis rate as assessed by

coronary angiography and clinical-driven target lesion revascularisation rate. Peak

in-stent restenosis rate is present at three to six months while target lesion revascu-

larisation rate significantly increases after six months, indicating that functional

assessment of restenotic lesions is more important than anatomical findings by

angiography.14,59 Third, measuring angiographic endpoints before clinical endpoints

results in increased target lesion revascularization rates.59 About 50% of the angio-

graphic restenotic lesions are asymptomatic and should probably not be treated,

especially since there is evidence for late regression of neointimal hyperplasia

beyond six months. In the RAVEL trial, the in-stent restenosis rate and target lesion

revascularisation rate in the bare-metal stent group were 26.6% and 22.9%, respec-

tively, indicating that nearly all angiographic restenotic lesions have been treated.

This overestimates the significance level of the findings in this study. Randomized

studies comparing drug-eluting stents and bare-metal stents with long-term clinical

and functional endpoints are therefore needed to establish the true clinical benefit

of drug-eluting stents.

Indications for drug-eluting stents

The sirolimus- and polymer-based paclitaxel-eluting stents are generally better per-

forming than bare-metal stents although some studies investigating bare-metal

stents report similar in-stent restenosis rates.60,61 Improved stent design and implan-

tation techniques have resulted in a significant decline in in-stent restenosis rates

over the last years. The costs are a major limiting factor of drug-eluting stents.

Currently, the cost of drug-eluting stents is about five-fold of the expense of bare-

metal stents. In most centres this resulted in selective implantation in high-risk

groups such as those with long lesions, small vessels, restenosis and diabetes, being
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subgroups in which hardly any evidence exists. It could be argued to be cautious

with drug-eluting stents since they only reduce target lesion revascularization rates

but do not reduce myocardial infarction and death rates. The side effects of drug-

eluting stents are potentially dangerous, while additional revascularization proce-

dures are generally safe.

Conclusion

There is success and failure in the new field of drug-eluting stents. The sirolimus-

and polymer-based paclitaxel-eluting stents appear very promising at least in single

de novo lesions. Longer follow-up of current clinical studies is mandatory with

regard to long-term efficacy, polymer-related risks and side effects. Further ran-

domized controlled studies are needed to assess optimal implantation techniques

and efficacy and safety in high-risk lesions. For general wide-spread application of

drug-eluting stents many questions need to be answered.
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