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Soon after the development of metal intracoronary stents the concept of local drug delivery via the stent emerged. Realizing this concept was limited by the difficulty in applying drugs to a stent. The mechanical stresses on a coating when the stent expands and the durability of a coating during the sterilization and stent delivery process all presented significant obstacles. Recently a variety of stent coatings have been developed that allow application of drugs to the stent surface. These drugs may remain bound to the stent surface for prolonged periods or may be released at controlled rates over a shorter period of time to effect high concentrations of drug locally within the coronary artery. 

Carrier vehicles for drug delivery have included a polymer sleeve, non-erodible polymers, direct coating of the drug without a polymer base, silicon carbide, ceramic coating, and bovine pericardium. Each of these various carrier vehicles has striking differences and ongoing research will define their relative advantages. Some of the earlier polymers caused inflammation of the vessel wall and were abandoned. More recent coatings have been non-inflammatory. One advantage of some of the newer polymer coatings, even without a drug coating, is a decrease in platelet adhesion and fibrin deposition compared to a bare metal stent. This has been demonstrated electron micrographically with the phosphorylcholine and silicon carbide coated stents. 

Heparin Coated Stents: Clinical experience exists with the use of the heparin coated, non drug-eluting stent.  The drug is bound to the stent coating and does not elute into the vessel wall.This is the first drug coated stent to enter clinical practice. While no randomized trials have been reported comparing heparin coated stents with bare metal stents, pooled experience from the Benestent trials(BENESTENT I and BENESTENT II), the Total Occlusion Study from Canada (TOSCA), and the PAMI-stent trials with over 1000 patients demonstrate a subacute stent thrombosis rate of 0.4%. Given that the population includes patients with acute infarction, this represents a low subacute thrombosis rate. The HOPE Registry was reported at the American Heart Association meeting in 2001. Patients treated with a heparin coated stent and aspirin, but without Plavix or Ticlid had a subacute stent thrombosis rate of 1%. This compares with a subacute stent thrombosis rate in the STARS trial for aspirin plus ticlopidine arm of 0.5%. The HOPE patients represent a real world population whereas the STARS patients represent an ideal single lesion stent population with uncomplicated results. 

The COAST trial evaluated the Jomed unmounted heparin coated stent in small vessels and found that with a reference diameter of 2.3 mm the heparin coated stent group had a restenosis rate at six months of 28.8% among 588 patients. The SISCA trial evaluated heparin coated stents in small vessels as well. 145 patients were randomized to a heparin coated Be-stent vs balloon. The angiographic restenosis rate was 6.3% in the heparin coated stent group compared to 24.2% balloon alone arm. 

Drug Eluting Stents: The greatest excitement has recently been generated by drug eluting stents. The first such stents to be evaluated in clinical trials are coated with rapamycin or Taxol. Rapamycin is derived from streptomyces hygroscopicus, a bacterium found on Easter Island. This streptomyces species produces the antibiotic rapamycin which has principally anti-fungal and anti-inflammatory activity. It is a regulatory kinase that suppresses T cell proliferation between the G1 and S phase of the cell cycle. Initial data were derived in a porcine coronary model. Intramuscular administration of rapamycin started three days before balloon injury and continued for two weeks showed a significant decrease in the amount of luminal narrowing caused by neointimal proliferation. 

Initial experience in 45 patients demonstrated that after one year there was no restenosis, no subacute thrombosis, and no major adverse clinical events. Ultrasound examinations in these patients showed virtually no neointima at six months and only a small volume of neointima after one year. The reduction in neointimal formation is striking. While brachytherapy has been demonstrated to decrease neointimal volume by somewhat more than 50%, the reduction is to virtually no neointima at six months with rapamycin. 

Clinical trial results: Results from larger clinical trials have recently been reported.  

RAVEL (RAndomised, double-blind study with the sirolimus-eluting Bx VElocity™ balloon expandable stent in the treatment of patients with de novo native coronary artery Lesions) Trial: RAVEL enrolled 238 patients and randomized them to stenting with either a sirolimus-coated stent (n=120) or a bare stent (n=118). Acute gain and final MLD was similar in both groups. Patients received clopidogrel or ticlopidine for up to 8 weeks. At 6-month quantitative coronary angiography, the MLD in the sirolimus group was 2.42 mm, for a late loss of 0.01 mm, whereas the MLD in the control group was 1.64 mm or a late loss of 0.80 mm. Degree of percent-stenosis also favored the sirolimus-eluting stent group (15% vs 37%). The binary restenosis rate was 0% with the drug-eluting stent vs. 26% for the bare stent group. All of these differences were highly statistically significant (p<0.0001). Subanalyses showed that the sirolimus-coated stent was highly effective in diabetic patients, in whom it was associated with a late loss of 0.08 mm as compared to 0.82 mm in the control group, and a restenosis rate of 0% compared to 42% in the control group (both p<0.0001). (The total lack of restenosis in diabetic patients is striking. Bypass surgery is often performed in this group instead of primary angioplasty or stenting. Diabetes is a formidable limitation to the success of conventional percutaneous coronary intervention. If the data from RAVEL are borne out, it will have a great impact on how diabetics are managed with coronary revascularization.) Clinical events were rare. During the first 7 months, 96.7% of patients in the sirolimus group experienced no MACE compared to 72.9% in the control group (p<0.0001). No patient receiving a sirolimus-coated stent experienced acute or subacute thrombosis or late occlusion. The final results of the REVEL trial were reported in the New England Journal of Medicine.  After follow-up, restenosis was reduced from 26% in the bare metal stent group to 0% in the sirolimus group.  Target vessel revascularization was similarly reduced from 26% to 0% in bare metal compared to sirolimus-eluting stents.  
 
This represents a dramatic trial result, unprecedented in anti-restenosis trials with systemic agents.  It is unlikely that a near perfect outcome such as this will be repeated in larger trials.  

SIRIUS (Sirolimus-Eluting Stent in Coronary Stent in Coronary Lesions): SIRIUS investigators sought to establish the safety and efficacy of the sirolimus-eluting (slow release, 109 µg/cm2) BX Velocity™ stent in reducing target vessel failure in de novo native coronary artery lesions compared with the uncoated BX Velocity™ stent in 1,100 patients with de novo native coronary artery lesions. The population studied had a more challenging anatomy and substrate than RAVEL; specifically, the SIRIUS patients had longer lesions (15-30 mm vs <18 mm) and smaller vessels. The primary endpoint was target vessel failure, defined as cardiac death, MI, or TVR at 9 months. Pre- and post-procedurally, patients received aspirin and either ticlopidine or clopidogrel; during the procedure, all patients received heparin and some also were given a glycoprotein IIb/IIIa inhibitors at operator discretion. Clopidogrel was given for 3 months post procedure. Preliminary (30-day) data on 1,017 patients showed equivalent complications between the 2 arms, with no subacute thrombosis in either cohort. At 1 month, the sirolimus-eluting stent produced nearly identical results to the bare stent in terms of procedural, lesion, and device success. 

The SIRIUS trial ultimately randomized 1101 patients.  Five hundred, thirty-three were treated with sirolimus-eluting stent, and 525 in the control group were treated with a bare metal Bx velocity stent.  Angiographic follow-up was performed at 8 months in about 85% of the patients, and clinical follow-up was achieved in 96% of patients.  The mean age was 62 years, and the prevalence of diabetes was over 25%.  
 
The restenosis rate within the stented segment was decreased from 35.4% in the bare metal stent group to 3.2% in the sirolimus-eluting stent group.  The in-lesion restenosis rate, defined as extending 5 mm either side of the stented segment was 36.6% in the bare metal stent group, and 8.9% in the sirolimus-eluting stent group.  Thus, the angiographic restenosis rate was decreased by 90% within the stented segment, and 75% within the lesion segment.  
The target lesion revascularization rate, a more important clinical indicator of the efficacy of this therapy was decreased from 16.6% in the bare metal stent group to 4.1% in the drug-eluting stent group.  
 
Thus, there was a dramatic reduction in restenosis and target lesion revascularization using a sirolimus-eluting stent compared to a bare metal stent.  An extensive subgroup analysis demonstrated similar findings in every subgroup that was examined.  This included stratification by vessel size with the magnitude of treatment effect being similar in both small and large vessels, male versus female patients, diabetics, LAD lesion location, and overlap segments.  The number of events prevented per 1000 patients treated was about 120-140 target lesion revascularization events, and over 250 restenosis episodes per 1000 patients treated.  Multi-variate analysis demonstrated the predictors of restenosis to be the same as seen with bare metal stents, with diabetes, lesion length, and vessel size being the greatest predictors of restenosis.  
 
Restenosis patterns were focal in over 90% of sirolimus treated patients, in contrast to focal restenosis in less than half of patients treated with bare metal stents.  This change in restenosis pattern may have an important effect on the results of repeat revascularization in these patients.  
The TAXUS II trial evaluated a paclitaxel eluting stent.  The Boston Scientific NIR stent with a polymer coating was used in the trial.  Two cohorts of patients were studied.  A slow-release formulation in which 131 patients received the TAXUS SR stent, and 136 patients the control bare metal stent, and a second cohort in which 135 received the Taxus moderate release or MR stent and 134 were treated with a controlled bare metal stent.  Thus, there was a combined control group of 270 patients.  Angiographic follow-up was at 6 months, and clinical follow-up at 1 year.  Ninety-nine percent of patients had clinical follow-up, and angiographic follow-up was achieved in 97% of patients.  The main age for the cohort was 60 years.  About 15% had diabetes.  The mean lesion length was 10.5 mm, in contrast to the SIRIUS trial in which lesion length was over 14 mm.  
 
The quantitative coronary angiographic end point at 6 months demonstrated a reduction in restenosis within the stented segment from 19% in the bare metal stent group to 2.3% in the TAXUS SR group and 4.7% in the TAXUR MR group.  No edge effects were noted.  The control patients had a proximal edge restenosis rate of 3.4% compared to 1.6% and 2.3% in the TAXUS SR and MR groups respectively, and a distal edge restenosis rate of 3.1% in the combined control group compared to 1.6% and 2.3% in both of the TAXUS groups.  The target lesion revascularization rate at 6 months was 13.3% in the control group, and 4.6% and 3.1% in the TAXUS SR and MR groups respectively.  The 12-month target lesion revascularization was very stable, with 14.4% in a combined control group, 4.7% in the TAXUS SR group, and 3.8% in the TAXUS moderate release group.  Subgroup analysis demonstrated equal magnitude reductions in target vessel revascularization in all of the studied subgroups including patients stratified by vessel size, lesion length, and presence or absence of diabetes.
 
Another study of the same pharmacologic agent, paclitaxel, applied to a bare metal stent did not yield favorable results (DELIVER).  A control group restenosis rate of 21% was decreased to only 17% by a non-polymer-coated paclitexel-eluting stent.  It is increasingly clear that a controlled release using a polymer substrate is necessary to achieve maximum efficacy using drug-eluting stents. 
 

TAXUS IV is a larger randomized comparison of a paditaxel eluting stent versus a bare metal stent with over 1,000 randomized patients.  Results have been Submitted to FDA and will be presented in fall of 2003.
The utility of drug-eluting stents in de-novo lesions and vessels between 2.5-3.5 mm diameter has been clearly demonstrated by randomized trials using both sirolimus- and paclitaxel-eluting stents. Numerous patient subgroups require the accumulation of further experience to further define the role of drug-eluting stents in these patients. Patients previously treated with bare metal stents who develop in-stent restenosis have been treated with drug-eluting stents with generally good outcomes. Results have not been uniformly good, and special concerns remain regarding patients treated with prior brachytherapy or those with extensive in-stent restenosis. No data exist regarding the use of brachytherapy for patients who have restenosis within drug-eluting stents. In addition, while experience is accruing rapidly for the use of these devices in patients with bifurcation lesions, saphenous vein graft stenosis, acute myocardial infarction, and left main disease, further experience is needed. 
 

Conclusion: Systemic drug therapy to prevent restenosis has had limited success. Restenosis has been diminished with the use of conventional stents and further with intracoronary brachytherapy. Drug eluting stents now represent a dramatic leap in the prevention of restenosis. The major endpoints of death and myocardial infarction have not been altered, but the reduction in repeat revascularization for patients has clear clinical importance. 
Both the results of large trials and longer term follow-up will be necessary to define the clinical outcomes that can be realistically anticipated from these devices in special patient subgroups, such a saphenous vein graft lesions, bifurcation stenosis, left main  disease and acute myocardial infarction.  Significant additional experience will be necessary to determine whether specific agents will be superior to others as local therapy for restenosis.

