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Abstract

Uses of balloon catheters or BMS for the treatment of coronary artery lesions shows good short-
term results but long-term follow up revealed restenosis in up to 20% - 30% of patients. Thus new
improvements to balloons and stents are always necessary to achieve the best results from percu-
taneous coronary intervention (PCI). Drug-eluting stents (DES) improved the principles of bare
metal stents (BMS) by local drug release to inhibit neointimal growth. DES reduced the incidence
of in-stent restenosis. These benefits and lower costs compared to surgical treatment make the
DES an attractive alternative for the treatment of coronary artery disease. Different components
of DES which include the polymers, drugs and the stents underwent progressive evolution, and
these led to development of new generations of DES with variable types of drugs and polymers to
fully absorbable stents. The concern of stent thrombosis still an issue and dual antiplatlets thera-
py (DAPT) is mandatory for variable time ranging from one month to one year. This article dis-
cusses the main available clinical trials in the developments of BMS, DES and the comparison be-
tween both with a prospective look at future technologies in the field, in addition to reviewing the
current guideline in the uses of DAPT after PCI.
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1. Introduction

Coronary artery disease (CAD) is the leading cause of death worldwide and will continue to be at least through
the year 2030 [1]. The management of CAD would include life-style modification, drugs treatment and inter-
vention in the form of percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG).
Large proportions of European coronary patients are failing to achieve lifestyle modification, risk factors control
and therapeutic targets for the prevention of further disease, according to the results of the third EUROASPIRE
survey [2]. In this survey, 17% smoked cigarettes, 35% were obese, 53% were centrally obese, 56% had blood
pressure levels above target (140/90 mmHg, 130/80 mmHg for patients with diabetes), 51% had serum choles-
terol levels above target (4.5 mmol/l), 25% had a history of diabetes, of whom only 10% were adequately con-
trolled (fasting glucose levels under 6.1 mmol/l). Modern medical treatment is appropriate as an initial strategy
in patients with stable CAD and mild angina. However, roughly one third of patients develop progressive or re-
fractory angina and require invasive treatment over time [3].

Coronary angioplasty, conceptually described by Dotter and Judkins in 1964, was first performed by Andreas
Gruntzig in 1977 [4]. Historically initial results with percutaneous balloon angioplasty only, raised concern re-
garding periprocedural complications, such as plaque rupture and coronary dissection, which are often clinically
translated into acute myocardial infarction (MI), especially days following the procedure. Emergency coronary
artery bypass grafting (CABG) due to acute vessel closure as a result of dissection was not uncommon. In addi-
tion, at follow-up, the benefits derived from revascularization were further counterbalanced by the high inci-
dence of target vessel revascularization (TVR), and restenosis, which could reach 40% [5]. Coronary stents were
developed in the mid-1980s and since then have seen major refinements in design and composition [6]. The first
stent implantation was in 1986 by Sigwart, and the purpose was to overcome the issues of angioplasty [7].

2. Methods

We performed MEDLINE and Google searches for published articles including randomized controlled clinical
trials and registries published between 2000 and 2013 using the keywords: coronary artery disease (CAD), per-
cutaneous coronary angioplasty (PTCA), bare metal stents (BMS), drug-eluting stents (DES), antiplatelet thera-
py and percutaneous coronary angioplasty and dual antiplatelet therapy (DAPT) and percuaneous coronary in-
tervention (PCI). Reference lists of selected articles were reviewed for other relevant citations, with special
concentration on the studies which changed the practice.

2.1. Types of Coronary Stents

2.1.1. Bare Metal Stent (BMS)

Bare metal stent (BMS) beneficial effects, compared to percutaneous transluminal coronary angioplasty (PTCA),
were documented by several studies in the form of reduction of TVR and restenosis rate [8] [9]. However long
term follow-up revealed that in-stent restenosis (ISR), still as high as 20% - 30% due to neointimal proliferation
response to vessel injuries and migration of vascular smooth muscle cells (VSMCs) within the stents [10]. The
risk of developing ISR is linked to a variety of clinical and procedural factors particularly diabetes, long lesion,
and small vessels.

2.1.2. Drug-Eluting Stents (DES)

In order to find definitive solution to ISR, development of systemic drugs which later on led to eluting the stents
with drugs which had anti proliferative properties, named drug eluting stents (DES) with the concept of local
drug release at the site of tissue injuries to resist or prevent smooth muscle proliferation. The component of this
novel approach includes: 1—the platform, 2—polymers and, 3—drugs. Changes in the above components led to
development of different types and generations of DES.

2.1.3. First Generation DES

The first generation of DES has identical stent structure to their bare metal stents counterparts, with polymer and
eluting drug applied to the surface. The platform is stainless steel with a strut thickness of 130 - 140 um. Exam-
ples of this generation of stents include Sirolimus eluting CYPHER stent and Paclitaxel-eluting TAXUS stent.
Sirolimus-eluting CYPHER stent (SES) has stainless steel platform and polymer of polyethylenevinylacetate
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and polybutylmethocrylate. A meta-analysis of data from four double-blinded studies with 1784 patients signif-
icantly found that TLR was reduced from 23.6% with BMS to 7.8% with Sirolimus-eluting CYPHER stent (SES)
at 4 year [11]. Paclitaxel-eluting TAXUS stent (PES) has stainless steel platform and polymer of polylactide-co-
E-caprolactone. A meta-analysis of five double-blind trials in 3513 patients significantly revealed that TLR de-
creased from 20.0% with BMS to 10.1% with paclitaxel-eluting TAXUS stent (PES) at 4 years [12].

The studies of the first generation DES, documented the efficacy and safety of both Sirolimus and Paclitaxel
anti prolifearative drugs. However Sirolimus is the only drug which can elute the stent without the need of po-
lymers. The REALITY [13], and The SORT-OUT Il [14], trials revealed no difference in the performance of
both type of first generation DES, although type of them is obsolete as the newer generation overcome their use.
Table 1 summarizes the different outcome trials and registries comparing BMS and DES.

2.1.4. Second Generation DES

In addition to incorporating newer medications (Everolimus and Zotarolimus), second-generation DES has more
biocompatible polymers and utilizes cobalt or platinum chromium, with stent struts measuring only 80 - 90 um
[19].

Everolimus-eluting XIANCE V stents have Cobalt Chromium platform and polymer of poly-n-butyl Metha-
crylate (PBMA). The same product of Boston Scientific, PRUMUS stent [20]. The large-scale SPIRIT IV trial
compared EES with PES, in 3690 patients the primary clinical endpoint target lesion failure was significantly
reduced by 38% in favor of EES, (P = 0.001). In addition, the rate of MI was lower with EES than PES, (P =
0.02), whereas there were no differences with respect to overall and cardiac death.

ENDEAVOR Zatrolimus eluting stent (ZES) has Cobalt Chromium platform and polymer of Phosphorylcho-
line. ZES has been compared with both first and second-generation DES. ENDEAVOR |1l compared ZES with
SES in a non inferiority trial with a primary angiographic endpoint, ZES was found inferior to SES regarding
late loss [21]. ENDEAVOR IV compared ZES with PES in a non inferiority, randomized trial enrolling 1548
patients with a primary clinical endpoint of target vessel failure, ZES met its primary clinical endpoint of non
inferiority on target vessel failure at 9 months. In the angiographic arm of the trial, ZES did not achieve the
pre-specified secondary endpoint of in-segment late loss, P = 0.023 [22]. Comparing Endeavor resolute Zatro-
limus with Everolimus XIANCE V revealed that Zatrolimus is non-inferior to Everolimus [23].

2.1.5. Third-Generation DES

Although the coatings of these stents contain the same established drug and durable polymer combinations as
their second generation counterparts, the design and material of their bare-metal stent platforms have been
changed substantially. A Cobalt-Chromium-based Zotarolimus-eluting stent, made from a single sinusoidal-
formed wire (Resolute Integrity, Medtronic, Santa Rosa, CA, USA), and a laser cut Platinum-Chromium-based

Table 1. Comparison studies of DES versus BMS.

Study name/Year Patient No. DES BMS P-value Outcome Reference
SES
SERIU 2003 1058 71 18.9 <0.001 MACE [15]
. SES
Pooled analysis of data .
comparing SES vs BMS 878 93.3 94.6 0.28 4 year survival [16]
2007 3.4 3.2 0.89 ST
Roterdam registry 2008 958 SES [17]
23 28.7 0.05 MACE
A pooled safety analysis PS
of date comparing PS vs 2797 . [18]
BMS 2007 929 92 0.78 4 year survival
Taxus 11/2009 536 PS [12]
204 27.6 0.01 MACE

MACE: major adverse cardiac events. ST: stent thrombosis.

()
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Everolimus-eluting stent (Promus Element, Boston Scientific, Natick, MA, USA), are two such third-generation
drug-eluting stents. Although some authorities [24], consider this as second generation with modification of
platform, DUTCH PEERS trial consider these changes as third generation [25], which concludes that Both stents
were similarly efficacious and safe, and provided excellent clinical outcomes, especially in view of the large
number of patients who presented with acute myocardial infarctions.

2.1.6. New Generations of DES

The concept for the development of DES that have degradable polymers or are completely free of polymers and
absorbable, is the dream of the intervention communities, as this innovative technology will reduce the chances
of stent thrombosis and the requirement of long duration of dual anti-platelets therapy (DAPT). Durable poly-
mers used in DES may play a central role in impaired healing by triggering a chronic inflammatory reaction,
which is why there are continuous efforts aiming to eliminate permanent polymers. The biodegradable polymer
was used in the LEADERS trial. Patients were allocated on a 1:1 basis to treatment with a stent eluting bioli-
mus-A9 with a biodegradable polylactic acid polymer (BioMatrix Flex, Biosensors Inc., Newport Beach, CA,
USA) or a Sirolimus-eluting stent with a durable polymer (Cypher SELECT, Cordis, Miami Lakes, FL, USA).
The results suggest that a Biolimus eluting stent from a biodegradable polymer represents a safe and effective
alternative to Sirolimus eluting stent from a durable polymer in patients with chronic stable coronary artery dis-
ease or acute coronary syndromes [26].

The polymer-free Biolimus-eluting stent (BES-PF, N = 50) has been directly compared with the Paclitax-
el-eluting TAXUS LIBERTE’ stent (N = 25) in a randomized clinical study with the primary endpoint of late
loss at 4 months which confirm significant reduction of late loss with polymer free stents [27]. In ISAR-TEST-3
trial, Polymer-Free Sirolimus-Eluting CYPHER stents also revealed reduced late loss [28]. With the encourag-
ing results of biodegradable polymers and polymers free stents, the manufacturers of drug eluting stent started
thinking of complete biodegradable and bio-absorbable stents.

2.1.7. Fully Bio-Absorbable DES

BMS were introduced to overcome the limitations of balloon angioplasty by scaffolding the vessel wall and
prevention of acute recoil. However, stent mediated arterial injury resulted in neointimal hyperplasia, which was
more pronounced following BMS implantation than balloon angioplasty alone. This limitation leads to the in-
troduction of DES with release of anti-proliferative agents and potent suppression of neointimal hyperplasia.
Since both shortcomings, acute recoil and neointimal hyperplasia, are relatively short lived phenomena, coro-
nary artery stents of metal origin do not exert any long-term benefit, but may rather be the source of late adverse
events including late stent thrombosis, prevent late lumen vessel enlargement, hinder surgical revascularization,
and impair imaging quality with multi-slice CT.

Fully bio-absorbable DES has been developed to overcome these drawbacks. Four fully bioabsorbable stent
platforms are under investigation:

1) Bioabsorbable magnesium alloy stent (Biotronik AG, Zurich, Switzerland).

The PROGRESS-AMS, included a 71 patients with de novo single vessel in a non-randomized trial with an-
giographic and IVUS assessment at 4 months and clinical follow-up at 1 year [29]. it conclude that biodegrada-
ble magnesium stents can achieve an immediate angiographic result similar to the result of other metal stents
and can be safely degraded after 4 months where small remnant of struts seen with IVUS.

2) Bio-absorbable Everolimus-eluting XIENCE V stent (BVS, Abbott Vascular, Santa Clara, CA, USA).

The bio-absorbable Everolimus-eluting stent BVS has been evaluated in an observational first-in-man study
of 30 patients with single de novo coronary artery lesions (ABSORB) [30]. At 2 years of follow-up, the device
has been shown to be safe with no cardiac deaths, target lesion revascularizations, or stent thromboses and only
one non-Q wave MI. Four-year clinical results of ABSORB demonstrated a sustained low MACE rate (3.4%)
without any late complications such as stent thrombosis [31]. ABSORB-EXTEND showed that treatment of
longer lesions and smaller vessels without obligatory 1IVUS use is safe and efficacious at one month [32]. How-
ever, bioresorbable vascular scaffold was associated with a higher incidence of post-procedural side branch oc-
clusion SBO was higher compared with EES [33]. In 2012 BVS ABSORB™ was approved as the first biode-
gradable scaffold for the treatment of coronary artery disease in EU and other countries, with a limitation of use
only for experienced and trained interventional cardiologists [34], although there is a restriction of use to on la-
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bel but like all previous generation of stents off labeled use become a usual practice a fully absorbable stent is
promising and it may be the future solution. However long-term follow up of randomized control trials is needed.
3) Tyrosine polycarbonate bio-absorbable stent (Reva Medical Inc., San Diego, CA). The Igaki-Tamai stent is
made of a PLLA (poly-I-lactic acid) monopolymer, has thickness of 0.17 mm, and has a zigzag helical coil pat-
tern, it was used without drug administration and it proved that it is safe and effective [35].
4) BTI Salicylate-based Polyanhydride ester bio-absorbable Sirolimus-eluting CYPHER stent (Bioabsorbable
Therapeutics Inc., CA, USA).

3. Role of Oral Anti-Platelets Therapy Post PCI

Dual anti platelets therapy (DAPT) is important as adjunctive treatment for patients who undergo percutaneous
coronary intervention (PCI), with or without acute coronary syndrome. Historically when plane old balloon an-
gioplasty (BOPA) were used to open coronary artery, there were some limitation in the success of the procedure,
this include dissection, recoil closure of the vessels and thrombosis, subsequently the bare metal stent developed
to overcome these complication, however it used to cause significant acute stent thrombosis (ST) which used to
be treated with different anticoagulation and aspirin but still ST used to result in 50% of myocardial infarction
and 20% of death [36]. The development of new antiplatelet agents led to a breakthrough in the use of coronary
stents with the adoption of a dual anti-platelet treatment (DAPT), combining aspirin with a Thienopyridine [37].

Aspirin and Ticlopidine were used initially; however, Ticlopidine was soon replaced with Clopidogrel, which
is more effective and better tolerated. PCI-CURE trial showed that in patients with acute coronary syndrome
(ACS) receiving aspirin, a strategy of Clopidogrel pre-treatment followed by long-term therapy is beneficial in
reducing major adverse cardiac events (MACE), compared with placebo [38], since then DAPT became a corner
stone for treatment post PCI patients.

The most worrisome consequences for early discontinuation of antiplatelet therapy are the stent thrombosis
(ST). In the majority of cases, stent thrombosis is a catastrophic event, resulting in life-threatening complica-
tions. In a pooled analysis of 6 trials and registries from the 1990s, the incidence of death or M1 associated with
angiographically documented stent thrombosis was found to be 64.4% [39]. Stent thrombosis most commonly
occurs in the first month after stent implantation, and in this interval, it is referred to as “subacute” stent throm-
bosis. Historically, DAPT was given for one month for BMS and three to six months for DES. However, nu-
merous cases of “late” stent thrombosis, particularly in patients who have been treated with DES, have been de-
scribed as occurring months or even years after stent implantation based on BASKET-LATE study [40]. In view
of regular use of DAPT and the development of stronger and new antiplatelets, we will review in the following
text different evidences on the uses of DAPT and it is duration highlighting the most recent guidelines.

In the recent European Society of Cardiology (ESC) clinical practice guidelines, the following guidelines
were included:

For the management of acute myocardial infarction in patients presenting with ST-segment elevation
myocardial infarction (STEMI) [41], recommended periprocedural antithrombotic medication in primary per-
cutaneous coronary intervention are:

1) Aspirin oral or i.v. (if unable to swallow) is recommended (IB).

2) An ADP-receptor blocker is recommended in addition to aspirin (1LA). Options are:

a) Prasugrel in Clopidogrel-naive patients, if no history of prior stroke/TIA, age < 75 years. (1B);

b) Ticagrelor (IB);

c) Clopidogrel, preferably when Prasugrel or Ticagrelor are either not available or contraindicated (1C).

For routine therapies in the acute, sub acute and long term phase of ST-segment elevation myocardial in-
farction, the followings are recommended:

DAPT with aspirin and an oral ADP receptor antagonist must be continued for up to 12 months after STEMI
(IC), with a strict minimum of:

a) 1 month for patients receiving BMS (bare metal stent) (IC);

b) 6 months for patients receiving DES (drug eluting stent) (I1b-B);

¢) DAPT should be used up to 1 year in patients with STEMI who did not receive a stent (I1a-C).

For ACS without ST segment elevation [42], the followings are recommended:

1) Prasugrel (60-mg loading dose, 10-mg daily dose) is recommended for P2 12-inhibitor-naive patients (es-
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pecially diabetics) in whom coronary anatomy is known and who are proceeding to PCI unless there is a high
risk of life-threatening bleeding or other contraindications (IB).

2) Clopidogrel (300-mg loading dose, 75-mg daily dose) is recommended for patients who cannot receive Ti-
cagrelor or Prasugrel (1A).

3) A 600-mg loading dose of Clopidogrel (or a supplementary 300-mg dose at PCI following an initial
300-mg loading dose) is recommended for patients scheduled for an invasive strategy when Ticagrelor or Pra-
sugrel is not an option (I1B).

Table 2: compare the rates of ischemic and bleeding events of oral (DAPT) drug trials TRITO-TIMI-38, [43]
and PLTO [44] for Acute Coronary Syndrome Prasugrel and Ticagrelol versus Clopidogrel.

For stable CAD [45], the followings are recommended:

1) Aspirin is recommended for elective stenting (1B).

2) Clopidogrel is recommended for elective stenting (1A).

3) Prasugrel or ticagrelor should be considered in patients with stent thrombosis on clopidogrel without treat-
ment interruption (I1a C).

4) Prasugrel may be considered in specific high risk situation of elective stenting (e.g. left main stenting, high
risk of stent thrombosis; diabetes) (l1Ib C).

5) Pretreatment with Clopidogrel (when coronary anatomy is not known) is not recommended (I11A).

6) Prasugrel or Ticagrelor is not recommended in low risk elective stenting (111C).

Duration of antiplatelet after stenting of stable angina patients:

1) Single antiplatelet therapy usually recommended indefinitely (1A).

2) DAPT is indicated after BMS for at least 1 month (1A).

3) DAPT is indicated for 6 to 12 months after 2nd generation DES (1B).

4) DAPT may be used for more than 1 year in patients at high ischemic risk (e.g. stent thrombosis, recurrent
ACS on DAPT, post MlI/diffuse CAD) and low bleeding risk (1Ib B).

5) DAPT for 1 to 3 months may be used after DES implantation in patients at high bleeding risk or with un-
deferrable surgery or concomitant anticoagulant treatment (I1b C).

4. Conclusion

Coronary artery disease management progressively progressed with the evolution of different generations of
drug eluting stents and different types of antiplatelet drugs leading to significant reduction in the number of pa-
tients going for coronary artery bypass grafting (CABG) with almost equal outcomes. Drug-eluting stents (DES)
have improved the principles of bare metal stents (BMS) by neointimal growth inhibition through local drug re-
lease. DES significantly reduced the incidence of in-stent restenosis. These benefits and lower costs compared to
surgical treatment make the DES a more attractive alternative for the treatment of coronary artery disease.
However the concern of stent thrombosis still an issue and dual antiplatlets therapy (DAPT) is mandatory for
variable time ranging from one month to one year. The new bioabsorbable stents may require shorter duration of
DAPT and may not preclude the future need of CABG.

Table 2. Rate of ischemic and bleeding events in DAPT trials for acute coronary syndrome.

TRITON-TIMI-38 [43] PLATO [44]
Events
Prasugrel Clopidogrel P-value Tricagrelor Clopidogrel P-value
Death M1 or stroke% 9.9 12.1 <0.001 10.2 12.3 <0.001
Death from 2.1 2.4 0.31 40 5.1 0.001
cardiovascular cause
Major bleeding (TIMI)
non CABG 24 1.8 0.03 7.9 7.7 0.57
Fatal bleeding 0.4 0.1 0.002 0.3 0.30 0.66
Intracranial bleeding 0.3 0.3 0.74 0.3 0.2 0.06
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CAD = coronary artery disease
BOPA = plane old balloon angioplasty
PTCA = percutaneous transluminal coronary angioplasty

PCI

= percutaneous coronaty intervention

BMS = bare metal stent

DES = drug eluting stent

DAPT = dual antiplatelet therapy

ACS = acute coronary syndrome

STEMI = ST segment elevated myocardial infarction

NON STEMI = non ST segment elevated myocardial infarction
CABG = coronary artery bypass grafting

MI =

myocardial infarction

MACE = major adverse cardiac events
TVR = target vessel revascularization
TLR = target lesion revascularization
ISR = instent restenosis

VSMCs = vascular smooth muscle cells
SES = Sirolimus-eluting stent

PES = Paclitaxel-eluting stent

EES = Everolimus-eluting stents

ZES = Zithrolimus-eluting stent

BES = Biolimus-eluting stent
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