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Abstract

Coronary artery disease is a leading cause of death and disability worldwide with contemporary 

treatment strategies employing both optimal medical therapy and catheter based percutaneous 

coronary intervention (PCI) with drug eluting stents (DES). While DES have dramatically reduced 

restenosis rates, their use has been associated with an increased risk of late stent thrombosis and 

accelerated neointimal atherosclerosis (i.e. “neoatherosclerosis”) both major contributors to late 

stent failure. The underlying substrate of late DES failure is likely related to vascular endothelial 

dysfunction such as poor endothelial regrowth and barrier function (i.e. “endothelial healing”). 

Initial concerns with 1st generation DES have lead to improvements in mechanical and biologic 

properties of current 2nd generation DES, which inhibit endothelial regrowth to a lesser extent, 

lessening late stent failure and resulting in an overall improved safety profile. Current guidelines 

recommend duration of at least one year of dual anti-platelet therapy with aspirin and a 

thienopyridine agent such as clopidogrel or prasugrel as sufficient to prevent late thrombotic 

complications. Recent studies, however, suggest a shorter duration of dual anti-platelet therapy 

may be equally as safe and efficacious in preventing stent thrombosis with newer generation DES. 

However, higher risk populations such as patients receiving 1st generation DES or those with 

increased risk for future ischemic events may benefit from a longer duration (i.e. 30 months) of 

DAPT to prevent major cardiovascular events with the caveat that such an approach may be 

associated with an increased risk for bleeding. This review examines the vascular responses to 1st 

and second generation DES and recent clinical trials examining DAPT duration.

Introduction

Coronary artery disease is a leading cause of death and disability[1]. Treatment strategies 

aimed at reducing events in patients with coronary artery disease (CAD) have employed 

both optimal medical therapy and catheter based percutaneous coronary intervention (PCI) 

with drug eluting stents (DES). While DES have dramatically reduced restenosis rates 
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compared with bare metal stents (BMS), initial concerns with their use surrounded an 

increased risk of late (i.e. greater than 30 days after implant) stent thrombosis (LST), mainly 

observed with 1st generation DES. The primary substrate underlying LST is poor 

endothelialization and the recommendations for extended (one-year) dual anti-platelet 

therapy with aspirin and clopidogrel were implemented with the belief this might reduce this 

risk. More recently, newer generation DES utilizing thinner stent struts, improved polymer 

biocompatibility and lower drug concentration have demonstrated superior 

endothelialization in animal models and intravascular imaging studies. However both 1st 

and current generation DES tend to develop accelerated collections of foamy macrophages 

within the neointima (termed “neoatherosclerosis”) which may contribute to late thrombotic 

events when compared to bare metal stent. In this review, we will discuss the pre-clinical 

and clinical data supporting the use of specific durations of DAPT in patients receiving 

DES.

Pathophysiology of Late Stent Thrombosis after DES Implantation

The approval of 1st generation sirolimus eluting (SES) and paclitaxel eluting stents (PES) by 

the United States Food and Drug Administration was based upon randomized clinical trial 

data of short-term (< one year) duration [2, 3]. The major endpoints of these trials were 

based on measures of stent restenosis and both DES demonstrated major benefits without 

other serious adverse events. However, these trials were never powered to examine safety 

endpoint such as stent thrombosis.

A number of case reports and observational studies describing late stent thrombosis in 

patients more than one year after DES implantation raised initial concerns[4, 5]. Coincident 

with these studies, we also described the vascular responses in human pathologic samples 

taken from patients receiving these devices[6]. By comparing 23 autopsies of human DES 

implants of more than 30 days duration to 25 bare metal stent (BMS) implants matched for 

age, sex, stented artery and duration of implant, we demonstrated delayed arterial healing as 

defined by persistent fibrin, minimal neointimal formation and incomplete endothelialization 

in DES compared to BMS cases. Endothelialization was complete in most BMS sections 

consistent with earlier pathologic studies which suggested near compete healing by 3 to 4 

months. In DES, some samples remained unhealed as far as 40 months after implant. Late 

stent thrombosis (LST), defined as any platelet rich thrombus occupying 25% of lumen 30 

days after DES implantation, was observed in 14 of 23 patients receiving DES. The major 

pathologic finding distinguishing late thrombosed from patent DES was evidence of a 

significantly greater delay in arterial healing characterized by lack of endothelialization and 

persistent fibrin deposition at a mean of approximately 6 months after DES implantation[7]. 

These data suggested that lack of complete arterial healing after DES was the common 

factor underlying all cases of DES late stent thrombosis.

Our findings were complimented by angioscopic studies in patients receiving BMS and DES 

which found incomplete neointimal coverage in most sirolimus eluting stent (SES) 

implants[8]. Furthermore clinical data continued to demonstrate increased thrombotic events 

in patients receiving 1st generation DES and indicated the most important risk factor for 

such events was withdrawal of dual anti-platelet therapy[5]. Although the American Heart 
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Association and the American College of Cardiology recommended 12 months of dual 

antiplatelet therapy with aspirin and the P2Y12 inhibitor clopidogrel, data from the SIRTAX 

and Post-SIRTAX registries in Bern and the RESEARCH and T-SEARCH registries in 

Rotterdam indicated that stent thromboses continued to occur steadily, at a constant rate of 

0.6% per year at least out to 4 years after stent implantation and perhaps beyond[9]. Thus it 

seems clear that in some patients receiving 1st generation DES, arterial healing continues to 

be delayed for many years.

2nd generation DES such as everolimus eluting stents (EES), Endeavor-zotarolimus eluting 

stents (E-ZES), and Resolute Integrity zotarolimus eluting stents (R-ZES) were designed 

with thinner strut backbone stents, less polymer and drug loading, and eluted analogues of 

sirolimus such as everolimus and zotarolimus, which in some cases have improved 

lipophilicity potentially increasing tissue retention and cellular targeting. In preclinical-

models of arterial stenting, EES, E-ZES, and R-ZES demonstrate superior endothelialization 

to 1st generation DES at similar timepoints suggesting the duration of healing might also be 

superior in humans[10]. Indeed, human autopsy samples of 1st generation DES compared to 

2nd generation DES (i.e. EES) have recently shown that EES demonstrates superior strut 

coverage at similar timepoints[11]. Although head-to-head trials of 1st generation DES (i.e. 

SES) versus EES have not conclusively shown a reduced incidence of stent thrombosis, all 

have been probably been underpowered to detect such a difference. However, in aggregrate 

they appear to demonstrate superiority of EES [12]. OCT studies in patients receiving these 

stents have also been conducted and suggest superior strut coverage in EES[13]. The 

implications of these findings for the duration of DAPT after DES will be discussed below.

Mechanisms of Delayed Healing by mTOR inhibitors

The majority of DES used in clinical practice are designed to elute pharmacologic agents 

such as sirolimus that inhibit the mammalian target of rapamycin (mTOR), a member of the 

phosphatidylinositol kinase-related family of serine/threonine kinase. Although animal 

studies suggest that inhibitors of mTOR delay endothelial cell growth and recovery, the 

precise cellular mechanisms are still being elucidated.

mTOR interacts with several proteins to form two distinct complexes named mTOR 

complex 1 (mTORC1) and 2 (mTORC2) each of which each has distinct sensitivities to 

rapamycin. Each mTOR complex integrates information from upstream signaling and 

activates downstream effectors to control distinct cellular mechanisms needed for arterial 

repair[14]. mTORC1 is the better characterized of the mTOR complexes and integrates 

signaling from multiple signals including growth factors released upon arterial injury to 

affect process critical for endothelial coverage after injury such as migration and 

proliferation. SRL inhibits mTORC1 but not mTORC2 through specific binding of the 

FKBP12, a ubiquitous, cytosolic 12-KD FK506–binding protein and key stabilizing 

component of ryanodine (RyR2) intracellular calcium release channels in various cell 

types[15]. SRL has subnanomolar affinity to FKBP12 with 50% inhibitory concentration for 

the mTORC1 signaling pathway at this subnanomolar dose range[16]. mTORC1 directly 

phosphorylates translational regulators eukaryotic initial factor 4E-binding protein 1 

(4EBP-1) and S6 kinase (S6K1). The regulation of proteins critical for cell proliferation and 
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migration might in fact be the most important mechanism by which mTORC1 regulates 

endothelialization. We recently showed that inhibition of S6K1 in human endothelial cells 

was far more effective at inhibiting cell proliferation versus 4EBP-1[17]. Moreover, 

sirolimus’s effect on inhibiting endothelial proliferation could be rescued by overexpressing 

S6K.

The relationship of sirolimus to mTORC2 is more complex. Because short-term treatment 

with sirolimus does not inhibit mTORC2 signaling, this complex was originally thought to 

be sirolimus insensitive. However, the situation was made more complex by the observation 

that long-term treatment with sirolimus inhibits mTORC2 signaling in some cell types 

including endothelial cells[18]. Less is understood about the mTORC2 complex including 

its upstream effectors. It does respond to growth factors including insulin through poorly 

understood mechanisms. mTORC2 controls several kinases including Akt and serum- and 

glucocorticoid-induced protein kinase 1 (SGK1). Inhibition of mTORC2 also likely affects 

endothelial recovery after DES placement by impacting endothelial survival through the 

downstream affects on Akt. Akt is involved in promoting the expression of cell barrier 

proteins, such as vascular endothelial (VE) cadherins, important in endothelial survival[19]. 

Many other mechanisms by which inhibition of mTORC2 affect endothelial recovery have 

yet to be discovered but undoubtedly exist. Other aspects also affect endothelial recovery. 

Local drug concentrations are increased by overlapping DES, encountered in approximately 

one-quarter of interventional procedures, which may lead to increased percentage of 

uncovered stent struts[20]. Interestingly, systemic drugs may also adversely affect the 

mTOR signaling pathway. Metformin, a biguanide and commonly used diabetic drug, also 

inhibits mTORC1 through both AMP kinase (AMPK) dependent and independent pathways 

(Figure 1). In a pre-clinical model, Metformin was shown to inhibit mTOR signaling 

pathway via the AMPK dependent mechanism highlighting the susceptibility of the mTOR 

signaling pathway to alteration cellular energy homeostasis[17].

Additionally outside of pharmacologic factors related to eluted drugs, various mechanical 

factors are related to poor endothelial healing and late stent failure. These factors include 

polymer hypersensitivity leading to eosinophilic infiltration and persistently poor endothelial 

healing as well as stent malapposition[21, 22]. Some of these factors have been overcome by 

advances in stent technology in newer generation DES with more biocompatible polymers, 

newer alloys and stent designs. The use of newer, lipophilic – limus based mTOR inhibitors 

(i.e. everolimus, zotarolimus) have also allowed lower drug concentrations lessening drug 

toxicity when compared to the prototype, sirolimus. Furthermore everolimus has been 

shown to have a more favorable vascular response in a pre-clinical diabetic animal model 

after DES implantation suggesting it may have a role in promoting endothelial integrity 

(Table 1)[23]. While improvements in design (i.e. mechanical and biologic) factors may 

have largely addressed etiologies of poor endothelial coverage after 1st generation DES 

placement; an intact endothelium may display poor endothelial barrier function that may act 

as a substrate for neointimal atherosclerosis known as “neoatherosclerosis” (Figure 2). 

Neoatherosclerosis is the development of foamy macrophages within the neointima which 

overlies the deployed stent and is accelerated in DES compared with BMS[24]. The use of –

limus based DES may contribute to poor endothelial barrier function, leading to 
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neoatherosclerosis which is increasing seen as a common substrate that underlie late stent 

failure leading to instent restenosis and thrombosis.

Neoatherosclerosis

Previously post mortem studies of patients with late stent failure/stent related deaths have 

demonstrated both 1) poor endothelial coverage and 2) neointimal atherosclerosis 

(“neoatherosclerosis”) as a common substrate of late stent failure. Key features of 

neoatherosclerosis include foamy macrophages, thin cap fibroatheroma and lipid infiltration 

or plaque rupture. Accelerated neoatherosclerosis is seen with 1st generation DES placement 

(mean ~ 420 days) compared with BMS (mean ~ 2160 days) and may play a role in the 

greater observed incidence of late stent and very late stent thrombosis(25). We previously 

reported in an autopsy series of 1st and 2nd generation DES that the incidence of 

neoatherosclerosis was approximately 30% in both 1st and second generation (i.e. EES) 

DES[11].

We recently demonstrated a mechanism by which mTOR inhibition inhibits endothelial 

barrier formation. We showed that sirolimus-FKBP12 interaction impairs barrier formation 

by increasing intracellular calcium via destabilization of ryanodine intracellular calcium 

release channels and subsequent activation of calcium sensitive protein kinase C alpha 

(PKCα), a serine/threonine kinase important in vascular endothelial (VE) cadherin barrier 

function through its interaction with p120-catenin (p120) (Figure 3)[26]. This study 

demonstrated that the impairment in barrier formation that occurs after endothelial cells are 

treated with mTOR inhibitors occurs because of off-target effects of the drug itself rather 

than as a direct consequence of mTOR inhibition. These differences are likely exacerbated 

by diabetes where PKC activation is also associated with accelerated atherosclerosis 

suggesting that neoatherosclerosis is likely a major contributor to in stent restenosis 

especially in diabetes[27]. These data may also explain why the incidence of 

neoatherosclerosis is not different between 1st and 2nd generation DES since both employ 

mTOR inhibitors.

Six versus twelve or twenty-four months of DAPT after DES to Prevent 

Stent Thrombosis

The delay in arterial repair seen after DES placement and the observation that withdrawal of 

anti-platelet therapy is an important risk factor for late stent thrombosis suggests prolonged 

DAPT might be protective against late stent related complications. Indeed some 

observational studies initially did suggest extending DAPT beyond one year was associated 

with reduced risk of myocardial infarction after DES implantation while others 

demonstrated increased risk for bleeding without any reduction in ischemic events[28–32]. 

Complicating interpretation of these studies it the fact that stent technology as discussed 

above has improved healing responses so that the duration of DAPT needed to prevent late 

stent-related events might actually be different depending on stent type.

It is also important to separate the issue of prolonged DAPT for the purposes of reducing 

stent-related events from protection from non-culprit mediated thrombotic events arising 
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from atherosclerosis progression. Because of data generated in humans and animals 

demonstrating superior stent strut coverage in 2nd versus 1st generation DES, smaller trials 

have focused on whether curtailing the duration of DAPT for 6 months or less might be non-

inferior to 12 or 24 months duration. In most of these trials (summarized in table 2), 2nd 

generation DES such as E-ZES and EES were the major stent type used though some of 

these trials had limited numbers of 1st generation DES. In general, many of these trials were 

probably not appropriately powered to detect low frequency events such as stent thrombosis. 

Conversely, it could also be said that lack of any significant difference between treatment 

regimens might be interpreted to mean that even if significant numbers of patients were 

included to show superiority of one regimen over the other, small but statistically significant 

differences might not be clinically meaningful. In aggregate these trials appear to 

demonstrate that to prevent stent related events, 6 months of DAPT is non-inferior to 12 or 

24 months of DAPT though heterogeneity of stent types used is a limiting factor in 

interpreting these data. These trials appear to confirm that the mandatory period of DAPT 

for 2nd generation or later DES is 6 months and that prolonged DAPT (i.e. beyond 6 

months) does not further reduce the risk of stent-related events and may increase the risk of 

significant bleeding.

Twelve versus Thirty months of DAPT After Stenting for Prevention of 

Thrombotic Events

Recently, the 12 or 30 months of Dual Antiplatelet therapy after Drug Eluting Stents Trial 

was published[33]. This trial, a very large international, multicenter, randomized study, was 

designed to determine the benefits and risks of continuing DAPT therapy (either clopidogrel 

or prasugrel) beyond one year in patients who had received coronary stents. Patients were 

only eligible for the trial if after 12 months of DAPT they had not had a major adverse 

cardiovascular or cerebrovascular event, repeat revascularization, or moderate to severe 

bleeding. Longer-term treatment with DAPT reduced the risk of stent thrombosis, and 

myocardial infarction with an increase in moderate bleeding. A reduction in myocardial 

infarction not related to stent thrombosis accounted for 55% of the treatment benefit. It must 

be noted that a fairly large number of patients in the trial (approximately 27%) received 1st 

generation paclitaxel eluting stents and that this group appeared to demonstrate larger 

reductions in ischemic events following longer duration DAPT[34]. Prolonged DAPT had 

the least effect in reducing ischemic events in patients receiving 2nd generation DES (i.e. 

EES) (p=0.05 for interaction term), suggesting that the benefit of prolonged DAPT may be 

dependent upon stent type.

One potentially concerning and unexpected finding was that all-cause mortality was higher 

for the prolonger DAPT group, largely due to an increase in non-cardiovascular deaths. The 

number of cancer-related deaths was increased in the prolonged DAPT arm and the 

investigators posited that this might be due to the increased number of patients in this arm 

with a history of cancer.

In summary, the DAPT trial demonstrates a clear benefit in terms of reduction of ischemic 

events for patients receiving DES who undergo prolonged (i.e. 30 months) of DAPT. 

However, the increase in all-cause mortality and bleeding in the prolonged therapy arm 
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suggests that this approach should not be generalized. Clinicians need to take into account 

individual patient factors such as risk of bleeding, type of stent implanted, and overall risk of 

future ischemic events to tailor individual DAPT regimens.

Conclusions

DES have revolutionized the percutaneous treatment of coronary artery disease but also 

raised concerns about the optimal duration of DAPT to mitigate the increased risk of stent 

thrombosis seen with 1st generation DES due to delayed healing. More recent data has 

demonstrated that 2nd generation DES appear to re-endothelialize at a more rapid rate than 

1st generation DES likely due to improvements in drug itself, drug load, polymer 

formulation, and backbone stent design. Recent clinical trials appear to demonstrate that in 

patients receiving 2nd generation or later DES it appears safe to discontinue DAPT at 6 

months from a stent-thrombosis perspective. However, to prevent ischemic events not 

necessarily related to the stent itself 30 months of DAPT appears to be superior to 12 

months with the caveat that prolonged therapy increases risk of bleeding. Thus, DAPT 

duration is likely an individualized decision based on patient clinical and procedural risk 

factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Role of mTOR in Vascular Endothelial Growth. Effect of –limus based agents on the 

endothelial cell cycle in conjunction with Metformin (Mf), a biguanide and common anti-

diabetic drug (G1 = gap phase 1, S = Synthesis, G2 = Gap 2, M = Mitosis). Metformin 

activates AMP kinase (AMPK) and inhibits mTOR complex 1 (mTORC1) downstream 

effectors (S6K and Cyclin D1) to prevent S/G1 transition similar to -limus based agents.
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Figure 2. 
Poorly Formed Endothelial Cell Junctions Following Stent Placement. When compared with 

bare metal stents (BMS), scanning electron microscopy of rabbit iliac s treated with 

sirolimus eluting stents (SES, Cypher, Johnson and Johnson) have poorly formed endothelial 

junctions compared with bare metal stent (BMS) treated arteries and subsequent endothelial 

barrier dysfunction. Insets show immunohistochemistry of key endothelial barrier proteins, 

VE cadherin and p120, with higher colocalization in control treated human endothelial cells 

compared with those treated with sirolimus (SRL).
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Figure 3. 
Role of mTOR in Vascular Endothelial Barrier Function. A) The prototypical –limus agent, 

Sirolimus (SRL), displaces FKBP12.6 from RyR2 calcium release channel (blue oval) 

specifically in vascular endothelial cells resulting in increased intracellular free Ca2+. B) 

PKCα is activated and destabilized the p120-VE cadherin interaction. C) p120 and 

eventually VE cadherin move from the membrane to the intracellular space leading to 

impaired endothelial barrier function.
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Table 2

Completed Short-term DAPT Trials

Trial Name N DAPT Duration DES Type Conclusion

OPTIMIZE (31) 3,120 3 vs. 12 E-ZES (N = 3,119; 
1563 3 months DAPT; 
1556 12 months)

3-mo DAPT was non-inferior to 
12-mo for D/MI/stroke/major 
bleeding, without significantly 
increasing risk for ST

EXCELLENT (35) 1,443 6 vs. 12 EES and SES (N=1443; 
514 6 months DAPT; 
672 12 months)

6-mo DAPT did not increase risk 
of target vessel failure at 12 mo 
after implantation of DES 
compared to 12-mo DAPT; 
however, the non-inferiority 
margin was wide and study was 
underpowered for death or MI

PRODIGY (29) 1,970 6 vs 24 E-ZES (N = 502)
PES (N = 505)
EES (N = 501)
BMS (N = 505) (983 6 
months DAPT; 987 24 
months) Essentially all 
stent types evenly 
randomized to 6 or 24 
months.

24-mo clopidogrel not more 
effective than 6 mo clopidogrel in 
reducing composite death, MI, or 
cerebrovascular accident.

RESET (36) 2,117 3 vs. 12 E-ZES (N=1059 
randomized to 3 months 
DAPT)
12 months of DAPT 
group included R- ZES 
(N=559)
SES (N=383)
EES (N=404)

E-ZES 3-mo DAPT was non-
inferior to standard therapy (12 
months clopidogrel and other 
DES) with respect to the primary 
endpoint (composite all-cause 
death, MI, or ST)

SECURITY (37) 1399 6 vs. 12 2nd Gen DES (E-
ZES=934, EES 
(N=457), Nobori 
(N=250), Biomatrix 
N=166)
All Randomized to 6 
months DAPT (N=682 
versus 12 months 
N=717)

6 months DAPT non-inferior to 12 
months regarding the primary 
composite end point of cardiac 
death, MI, stroke, definite or 
probable ST or BARC type 3 or 5 
bleeding at 12 months follow-up

ITALIC (38) 2301 6 vs. 24 EES Non-inferiority for one year D/MI/
Stroke/TVR/ major bleed between 
DAPT regimens

ISAR-SAFE (unpublished) 4005 6-month event-free 6 vs. 12 All DES Non-inferiority for 9 month 
D/MI/ST/stroke, major bleeding 
between DAPT regimens

Abbreviations: D=death, MI=myocardial infarction, ST=stent thrombosis; BARC=bleeding Academic Research Consortium, TVR=target vessel 
revascularization
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