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The entire medical profession strives to deliver care that 
is safe, timely, evidence-based, e!  cient, equitable, and 
patient-centred.1 Towards this goal, cardiology probably 
enjoys the greatest evidence base of any medical 
specialty; within cardiology, the treatment of patients 
with ST-segment elevation myocardial infarction 
(STEMI) could be the best-studied disorder for which 
guidelines can be created.2–4 In fact, the availability of 
evidence and the creation of guidelines and performance 
measures5,6 has led to substantial improvements in the 
survival of patients with myocardial infarction. Findings 
from a study by Krumholz and colleagues7 showed 
both a substantial reduc tion in 30-day mortality rates 
among elderly patients in the USA, and perhaps more 
importantly, a reduc tion in the variability of survival 
across hospitals from 1995 to 2006.7 Similarly, Jernberg 
and colleagues8 reported that implementation of new 
treatment strat egies over 12 years in patients with 
STEMI in Sweden was associated with an increased use 
of evidence-based treat ments, improved adherence 
to treatment guidelines, and reduced variation across 
hospitals. These changes were associated with a large 
and sustained reduction in mor tality, and a mean gain of 
at least 2·7 years of life per patient.

A Series of three papers in The Lancet describes the 
best evidence-based practices for acute reperfusion,9 
adjunctive therapies for primary percutaneous coronary 
intervention (PCI),10 and emerging e" orts to improve 
care for patients with STEMI in the future.11 This Series, 

which discusses care up to defi nitive reperfusion, peri-
reperfusion treatment, and emerging innovations in the 
specialty, provides an excellent conceptual basis for the 
delivery of optimum treatment for STEMI.

Anthony Gershlick and colleagues9 describe the need 
for patients to recognise the symptoms of myocardial 
infarction early and for rapid activation of the emergency 
medical system. They discuss optimum strategies for 
reper fusion, including the use of prehospital thrombolytic 
therapy if primary PCI will be delayed by more than 
120 min from fi rst medical contact or more than 
60 min from the time of thrombolytic administration. 
These thresholds are more ambitious than the NICE guide-
lines (which state that primary PCI should be delivered 
within 120 min of the time when fi brinolysis could have 
been given),4 but are in line with recent guide lines from 
the European Society of Cardiology stating that “PCI-
related delay of 120 min is useful in selecting primary PCI 
over immediate thrombolysis as the preferred mode of 
reperfusion.”2 These guidelines also encourage monitoring 
and report ing of performance to achieve quality targets, 
and state that if the reperfusion therapy is primary PCI, 
the goal for quality improvement should be to reduce 
the time from fi rst medical contact (ie, fi rst diagnostic 
electrocardiogram [ECG]) to wire passage into the culprit 
artery to less than 90 min (and an even shorter time of 
60 min if the patient presents early with a large infarct, or 
if the patient presents directly to an interventional centre).2 
Experiences from the Swedeheart registry, in which 73% of 
patients received reperfusion within the recommended 
time of 90 min from fi rst diagnostic ECG, with a mean 
delay from the fi rst diagnostic ECG to PCI of 60 min when 
thrombolysis was used in selected remote areas, show that 
the recom mended time limits are possible to achieve in a 
sparsely populated country but that reperfusion strategies 
might still be suboptimal for many.12 The implications 
for health-care systems of general deployment of an 
aggressive thrombolytic strategy by fi rst responders are 
substantial. Ultimately, evidence of improved survival 
in systems that accomplish aggressive thrombolytic 
treatment when transfer delays are likely, compared with 
those that do not, will lend support to the widespread 
adoption of these best practices.13,14

Organisation of optimum infrastructure within large 
health-care systems can be di!  cult. In the USA, for 
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example, the free market is the main determinant of 
where and how many PCI-capable catheterisation labora-
tories are built. A study by Concannon and colleagues15 
compared the growth of PCI-capable labora tories in 
2001–06 with improvements in access for patients 
living within 60 min of a laboratory. Despite a 44% 
relative increase in the number of primary-PCI-capable 
hospitals, the proportion of the US population living 
within 60 min of such a facility increased from 79·0% to 
only 79·9%, a relative increase of 1%. Despite the e" orts 
of the American Heart Association’s Mission: Lifeline16 to 
defi ne transferring and receiving hospitals in an e" ort 
to improve the co ordin ation of care, allowing market 
forces to govern the creation of advanced care centres 
will probably not improve access for the 20% of US 
residents living more than an hour from a primary-PCI-
capable hospital and adjunc tive thrombolytic therapy 
will be important for such patients to have an optimum 
chance for survival. More over, national e" orts are needed 
to allow emergency medical systems to rapidly assess, 
diagnose, and initiate thrombolytic treatment for acute 
STEMI. The European Stent for Life initiative is such an 
example, and improved the implementation of timely 
primary PCI in several target countries.17

Nicholas Curzen and colleagues10 summarise how best 
to treat patients once they have received primary PCI, 
with a focus on optimum management of the throm-
botic processes associated with STEMI. Although many 
clinical trials have investigated various strategies, chal-
lenges remain in selection of the best treatment; these 
challenges show the di!  culties in application of evidence-
based medicine to individual patients. For example, new 
thienopyridine drugs o" er more rapid and e" ective 
inhibition of platelet aggregation than does clopidogrel, 
but at a cost of increased bleeding accruing over time. The 
TRITON-TIMI 38 trial18 explicitly examined heterogeneities 
in treatment benefi t with prasugrel by comparison 
with clopidogrel, whereby some patients had ischaemic 
benefi ts far in excess of their increased bleeding risk, while 
other patients did not. Because the goal of personalised 
medicine is to tailor treatments to individual patients, 
new e" orts to support the inte gration of personal risk 
estimates into routine clinical care are needed.

This Series paper also shows at least two challenges 
in assessment of the outcomes of a clinical trial. 
For example, Curzen and colleagues review the scien-
tifi c literature regarding reduction in periprocedural 

myocardial infarctions with intravenous glycoprotein 
IIb/IIIa inhibitors. However, at the time of those studies, 
even minor elevations of creatine kinase were regarded 
as myocardial infarctions, despite evolving knowledge 
that only larger periprocedural leaks of creatine kinase 
are prognostically important.19 Another concern raised 
by Curzen and colleagues about increased risks of stent 
thrombosis with bivalirudin seems to be a distraction, 
in view of the primary results of the HORIZONS-AMI 
trial,20 which showed that cardiovascular mortality was 
reduced with bivalirudin, despite the increased risk of 
stent thrombosis. As future studies work to improve 
the periprocedural management of primary PCI, careful 
design and inter pretation of clinical trials—with a focus 
on outcomes that are most meaningful to patients—
is needed. These trials need to be large enough to 
assess low-frequency events such as death, but need 
to be feasible to conduct from a fi nancial and practical 
perspective, which is a challenge.21

Despite past successes in management of STEMI, the 
future is exciting. Stephan Windecker and colleagues11 
provide a good summary of new and future developments 
in STEMI therapy. The evolution of stent technology 
from bare-metal stents to fi rst-generation, second-
generation, and third-generation drug-eluting stents, and 
the emergence of drug-eluting bioabsorbable sca" olds, 
is fascinating and shows the innovation occurring in 
cardiology. Similarly, conditioning of the ischaemic myo-
cardium by complex or simple devices or drugs, and 
medical e" orts to control infl ammation, are imaginative 
topics of research. Activation of resting stem cells in the 
myocardium, and delivery of bone-marrow stem cells 
via di" erent routes, provide opportunities to regenerate 
injured myocardium. However, with all of these inno-
vations, rigorous assess ment of treatment outcomes is 
needed so that their incremental benefi ts as compared 
with present therapies can be readily appreciated.

Measurement of outcomes in cardiology is complex, 
as imaging techniques such as cardiac MRI provide new 
ways to examine physiological components of the heart. 
However, the challenges in use of surrogate outcomes 
as a means to defi ne benefi t should be kept in mind.22 
Many examples, such as new therapies for heart failure 
to improve ejection fraction and antiarrhythmic drugs 
to reduce premature ventricular contractions that were 
later shown to increase mortality, serve as warnings 
that new therapies should not be adopted until clinically 
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meaningful outcomes are shown to improve. The most 
relevant outcomes are clearly mortality and health 
status,23 yet many of the clinical trials in STEMI care do 
not include measures of patients’ symptoms, function, 
and quality of life. As new treatments such as stem-cell 
therapies are introduced, broadening of assessments of 
benefi t to include these patient-centred outcomes will 
be crucial to defi ne how best to tailor treatments to the 
goals and preferences of individual patients.

This Series presents an excellent summary of state-of-
the-art and future therapies for STEMI. The remaining 
challenge is to ensure the consistent and reproducible 
delivery of optimum treatment in routine care. Although 
guidelines and performance measures are an important 
strategy, a culture shift within cardiology is needed to 
embrace these measures as a means to redesign local 
delivery systems for health care to optimise outcomes 
for patients.24 Additionally, this Series focuses on cross-
sectional delivery of health care at the time of a STEMI. 
However, a STEMI is one point along the continuum 
of coronary artery disease. Our profession needs to 
recognise the importance of a STEMI, a turning point 
in a patient’s life, to aggressively promote secondary 
prevention. Cardiac rehabilitation referral has recently 
been endorsed as a performance measure for care of 
patients with acute myocardial infarction,25 but access 
is limited in many centres. New strategies need to be 
investigated to establish how to consistently deliver 
treatment after myocardial infarction, so that the short-
term benefi ts of improved STEMI care can be translated 
into years of productive life.
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During the past three decades, experimental cardiology 
studies have shown that ischaemic conditioning 
interventions can lessen the risk of fatal reperfusion 
injury and reduce infarct size. Murry and colleagues1 
noted that repeated brief episodes of myocardial 
ischaemia induced before a sustained ischaemic insult 
preconditioned the heart. Zhao and colleagues2 reported 
that a similar intervention applied immediately after 
(but not before) sustained ischaemic insult could 
postcondition the heart. Przyklenk and colleagues3 
found that the application of short cycles of non-fatal 
ischaemia at a remote site (eg, the arm) before, during, 
or immediately after sustained occlusion of a coronary 
artery improved resistance to reperfusion injury to the 
heart compared with unconditioned hearts.

Initially, despite substantial progress in reperfusion 
therapy, no approaches were proposed to lower the 
risk of fatal reperfusion injury, be it after focal or global 
ischaemia reperfusion. The discovery and development 
of conditioning interventions presented an opportunity 
to protect various organs a" ected by ischaemia (eg, the 
heart, brain, and kidneys) during emergencies (eg, acute 
myocardial infarction, stroke, cardiac arrest) and sched-
uled thera peutic interventions (eg, cardiac surgery).4

Staat and colleagues5 showed in a proof-of concept 
study in patients with ST-segment-elevation myocardial 
infarction that four cycles of 1 min infl ation and 1 min 
defl ation of the angioplasty balloon immediately after 
reperfusion postconditioned the heart and signifi cantly 
lessened infarct size, by nearly 40%. Hausenloy and co-
workers6 reported remote conditioning by three cycles of 
5 min infl ation and 5 min defl ation of a blood-pressure 
cu"  on the upper arm, which signifi cantly reduced release 

of troponin T in patients undergoing elective coronary 
artery bypass graft (CABG) surgery. Although it could be 
argued that protective therapies are not needed in low-
risk patients undergoing CABG, among whom mortality 
is already low, more than 40% release cardiac enzymes 
after surgery that are known to be associated with 
worsening of short-term and long-term outcomes.7

In The Lancet, Matthias Thielmann and colleagues8 
report a prospective, randomised, controlled trial into 
which they enrolled 329 consecutive adults with multi-
vessel coronary artery disease. Patients underwent 
remote ischaemic preconditioning with a blood-pressure 
cu"  around the upper arm (three cycles of infl ation 
for 5 min and reperfusion for 5 min) or no ischaemic 
preconditioning before elective isolated fi rst-time CABG. 
In the remote ischaemic conditioning group the area 
under the curve for release of cardiac troponin I in the fi rst 
72 h after revascularisation was signifi cantly lower than 
that in the control group (266 ng/mL, 95% CI 237–298 vs 
321 ng/mL, 287–360; di" erence 17%, 3–30%). The most 
important fi nding of this work, however, is the signifi cant 
improvement in clinical outcomes induced by remote 
ischaemic conditioning. In this low-risk population, 
remote ischaemic precon ditioning was associated with 
reduced incidence of all-cause death (hazard ratio 0·27, 
95%CI 0·08–0·98) and myocardial infarction (0·35, 
0·15–0·78) at 1 year. We congratulate the researchers on 
providing the evidence that a conditioning intervention 
can improve clinical outcomes after CABG, although a 
limited number of serious adverse events were noted in 
the study population. 

Apart from myocardial protective e" ects, Thielmann 
and colleagues noted that reduced release of cardiac 

Remote preconditioning and all-cause mortality
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Reperfusion therapy for STEMI: is there still a role for 
thrombolysis in the era of primary percutaneous coronary 
intervention?
Anthony H Gershlick, Adrian P Banning, Aung Myat, Freek W A Verheugt, Bernard J Gersh

In the past ten years, primary percutaneous coronary intervention (PCI) has replaced thrombolysis as the 
revascularisation strategy for many patients presenting with ST-segment elevation myocardial infarction (STEMI). 
However, delivery of primary PCI within evidence-based timeframes is challenging, and health-care provision varies 
substantially worldwide. Consequently, even with the ideal circumstances of rapid initial diagnosis, long transfer 
delays to the catheter laboratory can occur. These delays are detrimental to outcomes for patients and can be 
exaggerated by variations in timing of patients’ presentation and diagnosis. In this Series paper we summarise the 
value of immediate out-of-hospital thrombolysis for STEMI, and reconsider the potential therapeutic interface with a 
contemporary service for primary PCI. We review recent trial data, and explore opportunities for optimisation of 
STEMI outcomes with a pharmacoinvasive approach.

Introduction
Optimum management of ST-segment elevation myo-
cardial infarction (STEMI) is the theme of this Series, 
and in this paper we address whether fi brinolytic drugs 
add to the contemporary therapeutic armoury. Many 
people suggest that fi brinolytics have no place in the era 
of primary PCI, whereas others believe fi brinolytics are 
needed because primary PCI cannot be delivered to all 
patients with STEMI within the evidence-based time-
frames needed for full eff ectiveness. In this context, we 
explore the barriers to full implementation of primary 
PCI and discuss whether fi brinolytic drugs still have a 
role in the management of patients with STEMI.

For patients in rural or semirural areas who delay con-
tacting emergency services, achievement of the total time 
from symptom onset to balloon deployment recom-
mended by guidelines (180 min) can be diffi  cult (panel).1,2 
Often, in areas with challenging geography, the time 
from fi rst medical contact to balloon deployment is out-
side guideline mandated times, along with the total 
ischaemic time (which is dependent on the patient 

calling for help). Any opportunity to reduce overall 
ischaemic times in patients with long transport times to 
the receiving cardiac centre could improve myocardial 
function. Any further delay that increases time from fi rst 
medical contact to balloon deployment to more than 
120 min has been clearly shown to aff ect mortality.3

Alternatively, paramedics could give patients a fi brino-
lytic drug before setting off  for hospital, allowing 
reperfusion therapy to occur during transfer. In most 
patients, reperfusion will be complete by arrival at the 
hospital door, at which point a clinical and electro-
cardiogram (ECG) assess ment of reperfusion success 
will be made. A decision can then be taken on whether 
to proceed with rescue PCI as soon as possible in 
patients with evi dence of failed reperfusion, with all 
others undergoing angi ography as early as possible in 
their admission. The time saving of early reperfusion 
therapy in such a scenario is clear, although reperfusion 
with a fi brinolytic might not be complete for up to 
60 min. The question is, does this time saving overcome 
the reported benefi ts of primary PCI compared with 
thrombolysis when primary PCI cannot be delivered 
within guideline-mandated times?

Reperfusion and the importance of time
In patients with STEMI, the earlier the patient presents, 
and the earlier the artery can be recanalised, the better. 
As early as 1979, Reimer and colleagues4 noted that the 
degree of reversibility and extent of myocardial necrosis 
were both time dependent. Furthermore, the earlier the 
patient presents, the greater the eff ect of treatment delays 
on clinical outcomes in relative terms.5

The open artery hypothesis is generally well accepted; 
in its simplest form it states that an open artery is better 
than a closed artery. However, the notion has evolved 
from a simple binary metric to a time-dependent 
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Search strategy and selection criteria

We searched the Cochrane Library, Medline, PubMed, Embase, 
and references from relevant articles using a combination of 
the search terms “STEMI network”, “fi brinolysis”, 
“thrombolysis”, “primary PCI”, “facilitated PCI”, 
“pharmacoinvasive therapy”, “fi rst medical contact”, and “door 
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of articles identifi ed by this search strategy, and selected those 
we judged relevant. All articles published in English between 
Jan 1, 1980, and May 31, 2013, were included. 

http://crossmark.dyndns.org/dialog/?doi=10.1016/S0140-6736(13)61454-3&domain=pdf
John Vogel




Series

www.thelancet.com   Vol 382   August 17, 2013 625

spectrum in which the sooner the artery is opened, the 
better. This hypothesis is lent support by fi ndings from 
the GISSI-1 clinical trial6,7 of fi brinolysis, in which 
benefi t seemed to be time dependent, with little 
advantage of fi brinolytic agents compared with control 
after 6 h. Results of subsequent studies such as the 
LATE trial8 suggested that this time window could be 
extended to 12 h but no longer. Thus, foundations were 
laid for reperfusion to be given as early as possible, and 
subsequent clinical trials (including those of primary 
PCI) have supported guidelines for time-dependent 
standards to achieve reperfusion.1,2 Emphasis is also 
placed on the degree of blood fl ow through coronary 
arteries, defi ned as thrombolysis in myocardial infarc-
tion (TIMI) fl ow, ranging from fl ow grade 0 (no fl ow) to 
TIMI fl ow grade 3 (that of any reference vessel without 
obstruction—ie, non-infarct-related vessel). Blood fl ow 
to the microvasculature at the myocardial cell level is 
also important, and robust data have shown an 
association between high TIMI fl ow grades and 
microvascular fl ow.9 Intuitively, therefore, the two basic 
principles underlying optimum outcomes in patients 
with STEMI are early reperfusion therapy and the 
restoration of as normal a fl ow as possible.

When thrombolysis was the dominant reperfusion 
therapy, outcomes were better after provision of early, 
prehospital thrombolysis than after inhospital throm-
bolysis.10,11 Before prehospital fi brinolysis could be 
accepted as standard therapy, trial data were reported 
suggesting that primary PCI was a better option than 
was fi brinolysis alone.12,13 These fi ndings and a sub-
sequent meta-analysis by Keeley and colleagues14 
showed that primary PCI produced better outcomes in 
terms of major adverse cardiac events than did 
inhospital thrombolysis alone. Some thought the meta-
analysis was fl awed because the postulated benefi t of 
primary PCI was confi ned to those patients who 
received fi brinolysis in the hospital setting. Moreover, 
when patients with cardiogenic shock were omitted 
from the analysis and the comparison was made with 
just tissue plasminogen activator, as opposed to all 
fi brinolytic drugs such as urokinase and streptokinase, 
the proportion of patients with major adverse cardio-
vascular events was similar to that of primary PCI. 
Despite these misgivings, primary PCI became the 
preferred reperfusion option, not least since it off ered 
important potential advantages compared with pharma-
cological reperfusion, such as establishment of 
TIMI  fl ow grade 3 in 70–90% of patients, and sub-
stantial reduction in the risk of intracranial haemorrhage 
when compared with fi brinolysis. It was defi nitely 
preferable in high-risk patients—eg, those with cardio-
genic shock, severe congestive heart failure, or haemo-
dynamic or electrical instability. However, primary PCI 
has to be delivered by a specialist team in a hospital 
setting, therefore, systems for network delivery must be 
estab lished to ensure timely delivery.

What is timely delivery of reperfusion therapy?
The time intervals in the period from onset of symptoms 
to reperfusion are well defi ned (fi gure 1), and delivery of 
primary PCI within these timelines has become the basis 
of audit standards and European and US guideline 
recommendations.1,2 These time periods are: symptom 
onset to call for help, symptom onset to fi rst medical 
contact, symptom onset to initiation of fi brinolysis or 
fi rst balloon or device, and hospital door to either onset 
of fi brinolytic therapy (door-to-needle time) or to fi rst 
balloon or device (door-to-balloon time).

Findings from many studies have shown the impor-
tance of these timelines. In a study15 of 29 222 patients 
with STEMI in the US National Registry of Myocardial 
Infarction databases 3 and 4, protracted door-to-balloon 
times were increasingly associated with higher inhospital 
mortality, ranging from 3% mortality for times of less 
than 90 min to 7·4% mortality for times of more than  
150 min. Although this type of analysis might be 
confounded, because delays are also more likely in sicker 
patients, it supports the general consensus (and audit 
metric) to aim for ever-shorter door-to-balloon times.16,17 
However, not all studies have shown such an association. 
Thus, although Flynn and colleagues18 reported that the 
median door-to-balloon time had decreased yearly from 
113 min in 2003 to 76 min in 2008 (p<0·001), and that the 
percentage of patients revascularised with a door-to-
balloon time of less than 90 min increased from 28·5% 
to 67·2% over the same period (p<0·001), inhospital 
mortality did not change signifi cantly (4·1% in 2003 vs 
3·6% in 2008).

Rapid door-to-balloon times are accepted as an important 
primary objective, but these and other studies show that 
door-to-balloon times do not correspond to total duration 
of ischaemia; shortening of this time metric alone might 
not aff ect overall mortality.18 An important determinant of 
the optimum therapeutic strategy is total ischaemic time, 
and the duration of ischaemia before and at the time of 

Panel: The importance of time

A hypothetical patient develops chest pain at 1000 h. As 
commonly happens, the patient does not call for help 
immediately, and phones the emergency number only 
because of persistent pain at 1130 h. Paramedics arrive at 
1145 h—the fi rst medical contact. They do a full assessment 
and record an electrocardiogram, which shows obvious 
anterior ST-segment elevation. This assessment takes 25 min. 
The patient lives in a semirural setting, and the time to 
hospital is about 55 min. If the paramedics radio ahead the 
patient could be on the catheterisation laboratory table with 
a vascular sheath deployed within 40 min of arrival at the 
hospital door. This chain of fairly commonplace events 
equates to a total ischaemic time of 225 min, compared with 
the guideline-recommended total time from symptom onset 
to balloon deployment of 180 min.1,2
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fi rst medical contact (fi gure 2).5,19,20 Achievement of short 
total ischaemic time forms the basis of guideline recom-
mendations, and although reperfusion works better in 
patients with short presentation times, all benefi t when 
the artery can be opened as expeditiously as possible. 
Thus, when a paramedic arrives at a patient with STEMI, 
if primary PCI is thought deliverable within 2 h the patient 
should be transported to the nearest PCI-capable hospital 
and mechanical reperfusion done as quickly as possible—
certainly within 60 min of arrival at the door. Overall 
ischaemic time in these ideal circumstances should be 
less than 180 min.

Both European and US guidelines on STEMI manage-
ment emphasise the need to set up regional networks 
to deliver reperfusion therapy quickly, eff ectively, and 
within mandated timelines.1,2 Ambulance teams should 
be trained and equipped to identify patients with 
STEMI and give initial treatment, including fi brinolysis 
if applicable. Centres with the ability to perform 
primary PCI should deliver care on a 24 h, 7 day basis 
within 90 min of the initial call for help. To achieve 
these objectives, many countries have established 
networks for delivery. A report by the UK National 
Infarct Angioplasty Project emphasised the need for 
network approaches to the delivery of timely 
reperfusion.21 The report concluded that “the key to 
successful outcomes in treating heart attack is short 

times to treatment. The longer the time to treatment, 
the more damage occurs to the heart muscle.”

Timely delivery of reperfusion therapy, with attenuated 
overall ischaemic time, is ideal. However, such a strategy 
could be diffi  cult to achieve if based solely on primary 
PCI. In the UK, for example, the percentage of patients 
who have access to timely primary PCI might vary 
between 80% to more than 95%, depending on the 
defi nition of timely PCI and geographical location.

Delivery of timely primary PCI remains very diffi  cult in 
many parts of the world. In a review of access to reperfusion 
in Australia, Ranasinghe and colleagues22 reported that 
only 40·2% of the population had timely access to primary 
PCI (defi ned as the proportion of the population capable of 
reaching a fi brinolysis facility ≤60 min or a primary PCI 
facility ≤120 min from activation of emergency medical 
services); access was particularly poor in regional areas and 
“non-existent” in remote areas. They also noted that 
optimised responses of emergency medical services or 
increased primary-PCI services resulted in only marginal 
improvement to timely access (1·8% and 3·7%, respec-
tively), but that direct transport and interhospital transfer 
for primary PCI improved timely access for 19·4% and 
23·5% of the population, respectively. The investigators 
suggested that an alternative to primary PCI was to 
encourage prehospital fi brinolysis. This conclusion could 
well be transposed to many similar regions of the world.23

Figure !: Important timeline metrics in management of STEMI
Obstacles to reperfusion can be divided into delays related to patients and to the health-care system. PCI-related delay is the extra time needed to do primary angioplasty 
rather than give on-scene prehospital thrombolysis. Delay can also occur if the nearest hospital is not PCI capable. Depending on STEMI network infrastructure, the non-PCI 
hospital is either bypassed or the patient is taken there fi rst before interhospital transfer to a primary-PCI centre. In addition, a fi brinolytic agent can be given at the 
non-PCI-capable hospital. Delay intervals mandated by European and US guidelines are superimposed.1,2 Figure not drawn to scale. Patient-related delays can vary 
substantially in length. STEMI=ST-segment elevation myocardial infarction. PCI=percutaneous coronary intervention. FMC=fi rst medical contact. DI-DO=door-in to 
door-out. DTB=door to balloon.
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In the USA, for example, fi rst door-to-balloon times of 
less than 90 min are estimated to be possible for only 
about a third of patients who do not need transfer, and for 
even fewer patients who present at hospitals without easy 
access to primary PCI.24 For example, historical data from 
the US National Registry of Myocardial Infarction data-
bases 3 and 4 (n=4278) suggest that total door-to-balloon 
times of less than 90 min were achieved in only 4·2%, and 
less than 120 min in 16·2%, of patients with STEMI 
needing transfer for PCI.25 These data empha sise the need 
to establish networks for timely reperfusion delivery, 
but also show the challenges posed by geography—one 
approach might not suit all.26 The inadequacy of timely 
delivery in the USA, and the realisation that an estimated 
80% of the US population live within 60 min of a PCI-
capable hospital, led to the development and assessment 
of nationwide programmes to direct emergency medical 
services to the nearest primary-PCI centre and invoke 
rapid-transfer systems.17,27–30 Fosbol and others31 have 
reported that such network systems signifi cantly shorten 
reperfusion time, with direct transfer to a PCI-capable 
hospital the gold standard if possible. Findings from a 
study32 of US registry data showed that attainment of door-
to-balloon times of less than 90 min rose from 64·5% to 
88% (p=0·0001) in patients arriving directly at primary-
PCI centres between two time periods: Q1–Q2 in 2007 
(n=9390) and Q1–Q2 in 2009 (n=11 125). For those who 
had to be transferred, however, door-to-balloon times 
remained well below target (from 7·6% in the fi rst period 
to only 18·7% in the second). Although systems have 
evolved, and shorter times can now be achieved in many 
parts of the USA, long times between symptom onset and 
fi rst medical contact, geography, and non-system delays 
(eg, when helicopter ambulances cannot be used because 
of bad weather) remain important barriers to expeditious 
delivery of primary PCI in some settings. These factors 
mean that primary PCI might not be the best option in 
some parts of the USA, since distances needed for transfer 
are diffi  cult to overcome.33 Nonetheless, both in the USA 
and in other parts of the world (eg, Canada, Russia, and 
Australia), a trend of consistent improvements in some of 
these factors has contributed to a reduction in overall times 
to therapy.34

The most important barrier to timely, and therefore 
eff ective, primary PCI remains the long transport times 
from rural areas. Even in some urban settings timely 
primary PCI cannot be achieved. If a patient is initially 
taken to the nearest hospital and that hospital is not PCI 
capable (not recommended, but sometimes unavoidable), 
the wait for transfer vehicles can compromise myocardial 
viability.25 Door-in to door-out times in such situations 
might become the new metric (fi gure 1). Wang and 
colleagues35 noted that that door-in to door-out times of 
30 min or less were achieved in only a small proportion 
of patients transferred for primary PCI, but were asso-
ciated with shorter reperfusion delays and lower in-
hospital mortality.

Delays to primary-PCI delivery could be especially 
important in out-of-hours care. For example, analysis of 
data from the US National Registry of Myocardial 
Infarction databases 3 and 4 showed that presen tation 
during out-of-hours prolonged door-to-balloon times by 
21 min (p=0·001), and reduced the proportion of 
patients undergoing primary PCI.36 Although this 
hurdle has been overcome in some centres, the timely 
delivery of primary PCI to all eligible patients 24 h a 
day, 7 days a week, continues to pose substantial 
logistical challenges.37

What if guideline-mandated times for primary 
PCI are not achieved?
De Luca and colleagues38 suggested that each minute’s 
delay in reperfusion aff ects mortality. They reported 
that, after adjustment for age, sex, diabetes, and 
previous revascularisation, every delay of 30 min was 
associated with a relative risk for 1 year mortality of 
1·075 (95% CI 1·008–1·15, p=0·041)—ie, roughly 8% 
excess annual mortality for every 30 min delay.38 
Supporting data suggest that system delays directly 
aff ect infarct size. In a study of 219 patients, system 
delays of up to 120 min were associated with infarct 
sizes of 8%, increasing to 13% for delays of more than 
180 min.39 The more sensitive the measure of myocardial 
damage used, the more evident the detrimental eff ect of 
time delay becomes: in a cardiac MRI study40 done at 
2 days after primary PCI, mean infarct size progressively 
increased over time (8% at ≤90 min, 11·7% at 
>90–150 min, 12·7% at >150–360 min, and 17·9% at 
>360 min). The amount of salvaged myocardium 

Figure !: The association between time to treatment, reduction in mortality, and extent of myocardial salvage
The greatest benefi t gained from reperfusion therapy occurs in the fi rst 2–3 h after symptom onset (shaded dark 
blue). The duration of this time-critical period can be modifi ed by factors such as extent of coronary-vessel 
collateralisation, myocardial oxygen consumption, total ischaemic time, and ischaemic preconditioning. The gain 
in mortality begins to plateau after this period, with time to reperfusion becoming less important. Figure adapted 
from Gersh et al5 by permission of the American Medical Association.
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substantially decreased if reperfusion occurred after 
more than 90 min of coronary occlusion.

These and other data suggest that total ischaemic time 
is essential, and that shorter door-to-balloon times could 
have more eff ect in patients presenting early (within <3 h 
of infarction) than in those presenting later.41 Thus, 
shortened door-to-balloon times are pivotal in the context 
of reduction of total ischaemic time, which includes time 
from symptom onset to fi rst medical contact, and transfer 
or door-in to door-out times (fi gure 1).35

Clinical studies also show loss of benefi t with primary 
PCI as time to reperfusion is prolonged. In a systematic 
review by Lambert and colleagues42 of 80 hospitals in 
Canada (n=1832), patients with untimely primary PCI 
had a risk of death or readmission with heart failure of 
13·5%. Any untimely reperfusion was associated with a 
signifi cantly higher adjusted risk of 30 day mortality 
(6·6% vs 3·3%; odds ratio [OR] 2·14, 95% CI 1·21–3·93) 
and a non-signifi cant increase in 1 year mortality (9·3% 
vs 5·2%; OR 1·61, 95% CI 1·00–2·66) compared with 
those who received the treatment within recommended 
times. The investigators proposed that, at network level 
after adjustment, each 10% increase in treatment within 
the recommended times was associated with a decrease 
in the odds of overall 30 day mortality (OR 0·80, 95% CI 
0·65–0·98).42

Delivery of reperfusion within the guideline-recom-
mended times should be the absolute aim of all STEMI 
networks. Such delivery success should be audited 
nationally, targets set and reviewed, and results distributed 
to all stakeholders. Performance against targets should be 
a key objective. Clearly, even with the best eff orts, in some 
scenarios delivery of primary PCI within targeted overall 
ischaemic times is not possible. Although primary PCI is 
more eff ective than fi brinolysis, the incremental benefi t 
of primary PCI is especially susceptible to treatment 
delays. At the national level, discussions need to take 
account of the attenuation of primary-PCI benefi t over 
fi brinolysis when the pharmacological option could be 
delivered more quickly. We need to know the degree of 
PCI-related delay at which point the better option is to 
give fi brinolysis at the scene of the STEMI.

Should fi brinolysis ever be used to overcome 
delays in primary PCI?
Some have suggested that there are no disadvantages to 
untimely primary PCI when outcomes are compared with 
those for fi brinolysis and that, for any timepoint from 
onset of symptoms to delivery of reperfusion therapy, 
primary PCI is always the superior strategy.43 In 2006, 
Boersma and colleagues43 reported a pooled analysis 
of randomised clinical trials comparing inhospital fi brin-
olysis alone with primary PCI (n=7743) at various system 
delays. Primary PCI was deliverable about 55 min later 
than was fi brinolysis, but was associated with a signifi cant 
37% reduction in 30 day mortality (adjusted OR 0·63, 
95% CI 0·42–0·84). The absolute reduction in mortality 

with use of primary PCI widened over time, from 1·3% at 
0–1 h after symptom onset to 4·2% at more than 6 h after 
symptom onset. However, when the delay related to 
primary PCI was short (<35 min), the relative (67% vs 
28%) and absolute (5·4% vs 2·0%) reductions in mortality 
were signifi cantly higher than were those for patients with 
longer delays. The researchers concluded that primary 
PCI was associated with signifi cantly reduced 30 day mor-
tality compared with fi brinolysis, irrespective of treatment 
delay, and thus recommended that despite logistical 
diffi  culties the standard approach should be primary PCI 
for all. They conceded that the benefi t of timely treatment 
emphasised the importance of a compre hensive, unifi ed 
approach to care in all patients with STEMI.43 One caveat 
to full acceptance of the proposal by Boersma and 
colleagues is the important omission of the CAPTIM 
study44 from the analysis, which at the time was the only 
trial that favoured a pharmacoinvasive strategy. Addition-
ally, no comparison was done in the analysis of reperfusion 
options given at diff erent times.19,43

Others have reported that the diff erence in ability 
to deliver either reperfusion strategy is important. 
Chakrabarti and colleagues45 noted that any mortality 
benefi t of primary PCI compared with onsite fi brinolysis 
was nullifi ed when the time delay to primary PCI was 
120 min or more, and that the number needed to treat to 
show superiority went from 23 to 250 when PCI-related 
delay increased from more than 60 min to more than 
90 min. The same group also assessed importance of 
patients’ characteristics, with use of hier archical models 
that adjusted simultaneously for both patient-level risk 
factors and hospital-level covariates to assess the asso-
ciation between PCI-related delay, patient-related risk 
factors, and inhospital mortality.46 In 192 509 patients at 
645 hospitals in the National Registry of Myocardial 
Infarction, not only were longer door-to-balloon and 
door-to-needle times associated with increased mortality 
(p<0·0001), but the times at which benefi t of primary 
PCI was attenuated also varied in accordance with 
patients’ characteristics—eg, PCI-related delays that 
nullifi ed benefi ts of the treatment were as short as 40 min 
in young men with large anterior infarctions but sub-
stantially longer in other subsets of patients.

Terkelsen and colleagues47 also reported that system 
delays degraded the benefi ts of primary PCI. In a review 
of Danish registry data for mortality after primary PCI 
(median 3·4 years), a system delay of 0–60 min corres-
ponded to a mortality rate of 15·4%, which increased to 
30·8% with a delay of 181–360 min. A multivariate 
analysis, which adjusted for other predictors of 
mortality, suggested that system delay was independently 
asso ciated with mortality (adjusted hazard ratio [HR] 
1·10 per 1 h delay, 95% CI 1·04–1·16), as were its 
components, pre hospital system delay and door-to-
balloon delay (fi gure 3). Findings from a follow-up 
analysis48 of the DANAMI-2 study clearly showed the 
eff ect of PCI delay in reduction of mortality benefi t for 
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primary PCI compared with fi brinolysis. In 1572 patients 
with 30 day and 8 year mortality follow-up, shorter 
system delays were associated with reduced absolute 
mortality in both groups.

The benefi ts of primary PCI, by comparison with 
prompt fi brinolysis, reduce in relation to the extent of 
delay incurred by transport and delivery. Importantly, 
outcomes for the two treatments seem to equalise as 
these delays move beyond the 90 min timepoint when 
prehospital fi brinolysis could be given.

Is fi brinolysis enough?
Use of fi brinolytic drugs alone could result in sub-
optimum outcomes for patients. Optimisation of 
fi brinolytic therapy with adjunctive measures might, 
however, lessen diff erences in outcomes compared with 
primary PCI. Findings from the REACT trial49 showed 
the usefulness of a strategy in which fi brinolytic success 
was established by recording of an ECG 90 min after 
reperfusion therapy, with rescue angioplasty done then if 
needed. The GRACIA 1 study50 also suggested that 
angiography within 24 h of successful fi brinolysis was 
benefi cial. Incorporating these fi ndings, albeit in a non-
systematic way, the CAPTIM study44 tested early (pre-
hospital) fi brinolysis plus rescue angioplasty against 
primary PCI. At 5 year follow-up, patients included 
within 2 h of STEMI and given prehospital fi brinolysis 
had lower mortality rates (5·8%) than did patients who 
received primary PCI included within 2 h (11·1%; 
HR 0·50, 95% CI 0·25–0·97, p=0·04); patients included 
after 2 h had 5 year mortality rates of 14·5% for 
prehospital fi brinolysis versus 14·4% for primary PCI.51 
This fi nding suggested that fi brinolysis with adjunctive 
angiography and PCI (if needed) was the appropriate 
comparator for primary PCI. In a combined analysis of 
the CAPTIM and WEST pharmacoinvasive trials, an 
interaction between presentation times and outcome was 
apparent. Patients who presented early (within 2 h of 
symptom onset) and received early fi brinolysis had non-
signifi cant reductions in 1 year mortality rates compared 
with patients who presented early and received PCI. 
There was no diff er ence between the two treatment 
strategies for patients presenting later.45,52,53

Management of patients after early fi brinolysis has also 
been the subject of several studies. Findings from the 
TRANSFER-AMI54 and CARESS-in-AMI55 trials sug-
gested that transfer of patients to a PCI-capable hospital 
within 6 h is associated with fewer ischaemic compli-
cations than is transfer after 24 h. However, fi ndings 
from the ASSENT-4 study56 (in which PCI was done 
irrespective of whether fi brinolysis was successful and 
very soon afterwards) not only showed no benefi t for 
immediate PCI in all post-fi brinolysis patients, but also 
showed that this strategy was disadvantageous. As a 
result of these fi ndings, the optimum treatment strategy 
might be early fi brinolysis followed by rapid transfer to a 
PCI-capable hospital, rescue angioplasty if fi brinolysis is 

unsuccessful, and coronary angiography only in patients 
with successful fi brinolysis after 4 h but before 24 h.56

The STREAM trial57 investigated this optimum pharma-
coinvasive strategy. It needs to be emphasised that this 
strategy is diff erent from so-called facilitated PCI, in 
which all patients (irrespective of lytic success) go directly 
to the catheter laboratory as soon as they arrive to the 
hospital. This strategy was not shown to be of value in 
the prematurely discontinued ASSENT-4 trial.56 By con-
trast, STREAM (n=1892) was designed for rapid inter-
vention only in those with failed fi brinolysis (as defi ned 
by the ECG)—all other trial participants were intervened 
on after 6 h. This study thus compared a pharmacoinvasive 
strategy (fi brinolysis with bolus ten ecte plase, followed by 
rescue angioplasty if fi brinolysis failed or angiography 
6–24 h after randomisation if fi brinolysis was successful) 
with primary PCI in patients presenting within 3 h who 
could not receive primary PCI within an hour of fi rst 
medical contact. The 30 day primary endpoint (a 
composite of death, shock, congestive heart failure, or 
reinfarction) occurred in 12·4% of the fi brinolysis group 
and 14·3% of the primary-PCI group (relative risk 0·86, 
95% CI 0·68–1·09, p=0·21). Emergency angiography 
was needed in 36% of patients assigned to fi brinolysis, 
with the remainder undergoing angiography at a median 
of 17 h after randomisation. As such, 64% of patients did 
not need emergency intervention because the fi brinolytic 
(on exclusion criteria) seemed to be successful. Intra-
cranial haemorrhage occurred more often in the 
fi brinolysis group (1·0% vs 0·2%, p=0·04). The need for 
rescue PCI was consistent with other such trials (eg, 
CAPTIM44), with failure of fi brinolysis being the trigger 
to act. The trial protocol was amended after the fi rst 
400 patients, with the fi brinolytic dose halved in patients 
older than 75 years after the suggestion of excess intra-
cranial haemorrhage. After the protocol amendment, no 
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Figure !: Association between health-care-system delays and long-term mortality
Health-care-system delays (ie, time from fi rst medical contact to primary percutaneous coronary intervention) 
have the strongest association with long-term mortality among modifi able acute-phase covariates, with a hazard 
ratio of 1·22 (p<0·001) per 1 h increase in system delay. Figure reproduced from Terkelsen et al,47 by permission of 
the American Medical Association.
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overall diff erence in rates of intracranial haemorrhage 
was noted between the two groups (0·5% for fi brinolysis 
vs 0·3% for primary PCI, p=0·45).

Findings from this trial showed that there could be a 
place for fi brinolysis if specifi c criteria are met. Fibrin-
olysis should be given early (preferably prehospital) to 
patients with no contraindications (eg, recent bleeding or 
stroke, or to elderly patients) and followed by timely 
coronary angiography (within 24 h) or rescue PCI for 
those with fi brinolytic failure. As such, fi brinolysis could 
be an important strategy in patients unable to receive PCI 
after STEMI within 1 h of fi rst medical contact; this 
approach overcomes the disadvantages associated with 
delayed primary PCI. Intriguingly, coronary fl ow data 
from the STREAM trial57 showed that more than 70% of 
patients receiving early fi brinolysis had TIMI fl ow grades 
of 2 or 3, compared with 20% of those arriving for primary 
PCI. Although TIMI fl ow grades in both groups were 
equal after treatment, signifi cantly more patients in the 
fi brinolytic group travelled to hospital with more open 
arteries than did patients in the primary-PCI group, 
which could (on the assumption that more myocardium 
was salvaged earlier) lead to clinical benefi ts at longer-
term follow-up.

Conclusions
The preferred reperfusion option for patients with STEMI 
is timely primary PCI, although the recom mendation for 
this approach was based on comparisons with inhospital 
fi brinolysis alone.1,2,14 Delay to delivery of reperfusion, 
which predominantly aff ects primary PCI, leads to an 
attenuation of benefi t compared with fi brinolysis. When 
the diff erence in delivery between the two strategies is 
more than 60 min they seem equal. Furthermore, a 
pharmacoinvasive strategy of prehospital fi brinolysis plus 
planned angiography (at 6–24 h in haemodynamically 
stable patients) and rescue angio plasty for failed fi brin-
olysis has now been shown to be equivalent (by results of 
the STREAM trial57) or better (by results of the CAPTIM 
trial44,51) to primary PCI in patients who present early. As 
such, this strategy could be useful if primary PCI cannot 
be done within 2 h of fi rst medical contact, or if fi brinolysis 
can be given more than 60 min earlier than can primary 
PCI, irrespective of whether the network catchment is 
rural, urban, or mixed. The guidelines indicate this 
possibility, and evidence to lend support to this strategy in 
selected patients is now available.

Fibrinolysis still seems to have an important part to 
play in the management of patients with STEMI, 
especially in those who cannot reach a PCI centre quickly. 
However, a treatment strategy based on pharmaco-
invasive therapy is contingent on adequate paramedic 
training to administer prehospital fi brinolytics, and 
network effi  ciency. The threshold below which the 
pharma  coinvasive strategy becomes ineffi  cient will 
depend somewhat on local, regional, or national frame-
works, but in a particular region with long transfer times, 

delivery in less than 10% of all patients with STEMI 
might be thought unworkable.

The key to STEMI reperfusion is to deliver the therapy 
as quickly as possible to all patients who will benefi t. 
The choice of strategy depends on many factors, 
including geography, weather, local resources, and the 
organisation of regional and national health systems. 
National planning groups might look again at their 
strategic options for reperfusion. The eff ectiveness of 
therapy, rather than its nature, is paramount, and in this 
context one size does not fi t all.
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What is the optimum adjunctive reperfusion strategy for 
primary percutaneous coronary intervention?
Nicholas Curzen, Paul A Gurbel, Aung Myat, Deepak L Bhatt, Simon R Redwood

Acute ST-segment elevation myocardial infarction (STEMI) is a dynamic, thrombus-driven event. As understanding 
of its pathophysiology has improved, the central role of platelets in initiation and orchestration of this process has 
become clear. Key components of STEMI include formation of occlusive thrombus, mediation and ultimately 
amplifi cation of the local vascular infl ammatory response resulting in increased vasoreactivity, oedema formation, 
and microvascular obstruction. Activation, degranulation, and aggregation of platelets are the platforms from which 
these components develop. Therefore, prompt, potent, and predictable antithrombotic therapy is needed to optimise 
clinical outcomes after primary percutaneous coronary intervention. We review present pharmacological and 
mechanical adjunctive therapies for reperfusion and ask what is the optimum combination when primary 
percutaneous coronary intervention is used as the mode of revascularisation in patients with STEMI.

Introduction
Acute ST-segment elevation myocardial infarction 
(STEMI) is a dynamic, thrombus-driven event in which 
platelets have a central role (fi gure 1). Antithrombotic 
therapy optimises clinical outcomes for patients after 
primary percutaneous coronary intervention (PCI). 
Contemporary European and US guidelines for treat-
ment of STEMI have assigned a class IA recom-
mendation for primary PCI as the reper fusion strategy of 
choice when done by an experienced team within 90 min 
of fi rst medical contact.1,2 However, various preprocedural 
and periprocedural pharma co therapeutic options are 
available to combat the pro thrombotic milieu that exists 
both as a direct sequel of the vaso-occlusive process allied 
to the vessel trauma, and distal embolisation caused by 
mechanical revascular isation. In this Series paper we 
focus solely on adjuvant therapies for reperfusion and 
seek to establish an optimum treatment strategy based 
on present evidence.

Oral antiplatelet therapy
Aspirin irreversibly inhibits cyclooxygenase and thereby 
blocks eventual production of thromboxane A2, a vaso-
constrictor and highly potent stimulant of platelet 

aggregation (fi gure 1). Results from the landmark ISIS-2 
trial3 irrefutably showed the effi  cacy of aspirin to reduce 
cardiovascular morbidity and mortality when given to 
patients with suspected acute myocardial infarction, either 
as a stand-alone therapy or in combination with strepto-
kinase. Clopidogrel, a thienopyridine, selectively and irre-
versibly binds the platelet surface receptor P2Y12 (also 
known as P2RY12), which is responsible for initiation of 
the platelet activation response to the agonist ADP 
(fi gure 1). Aspirin and clopidogrel work via complementary 
mechanisms and provide synergistic inhibition of the 
platelet aggregation pathway, hence the development of 
dual antiplatelet therapy for patients with STEMI treated 
in the thrombolysis era.4,5 However, a wealth of evidence, 
reviewed in detail elsewhere,1,2,6 has left little room for 
doubt that timely, guideline-mandated primary PCI is the 
best treatment strategy for patients with STEMI when 
compared with fi brinolysis. In this context the indication 
for antiplatelet agents broadens; not only might they off er 
benefi t as medical therapies in their own right, but they 
are also needed to prevent the thrombotic–ischaemic 
complications of coronary stent deployment.

In recent years, concerns have grown over the hetero-
geneous nature of individuals’ response to clopidogrel. 
Specifi cally, several reports have shown a link between 
high-on-treatment platelet reactivity and subsequent 
ischaemic complications, including stent thrombosis, in 
patients given clopidogrel.7 Because this link is consistent 
across diff erent populations of patients treated with 
primary PCI, the practice of administration of a standard 
dose of clopidogrel to all patients, without monitoring of 
individual responses, might not be robust or optimum. 
The situation is complicated by the absence of a reliable, 
quick, easy-to-use, reproducible, and clinic ally validated 
point-of-care test for clopidogrel response.8 Concerns 
about potential functional resistance to clopidogrel are 
heightened by the infl ammatory milieu in STEMI, a 
clinical setting in which there is a perceived need for 

Lancet 2013; 382: 633–43

See Editorial page 572

See Comment page 576

This the second in a Series of 
three papers about ST-segment 
elevation myocardial infarction

Wessex Cardiothoracic Unit, 
University Hospital 
Southampton NHS Foundation 
Trust, Southampton, UK 
(Prof N Curzen PhD); Sinai 
Center for Thrombosis 
Research, Cardiac 
Catheterisation Laboratory, 
Sinai Hospital of Baltimore, 
Baltimore, MD, USA 
(Prof P A Gurbel MD); King’s 
College London BHF Centre of 
Research Excellence, 
Cardiovascular Division, The 
Rayne Institute, St Thomas’ 
Hospital, London, UK 
(A Myat MRCP, 
Prof S R Redwood FRCP); 
VA Boston Healthcare System, 
Brigham and Women’s 
Hospital, Harvard Medical 
School, Boston, MA, USA 
(Prof D L Bhatt MD)

Correspondence to:
Prof Nicholas Curzen, University 
Hospital Southampton NHS 
Foundation Trust, 
Southampton SO16 6YD, UK
nick.curzen@uhs.nhs.uk

Search strategy and selection criteria

We searched the Cochrane Library, Medline, PubMed, Embase, 
and references from relevant articles with use of a combination 
of the search terms “STEMI”, “primary percutaneous coronary 
intervention”, “aspirin”, “clopidogrel”, “prasugrel”, “ticagrelor”, 
“cangrelor”, “bivalirudin”, “glycoprotein IIb IIIa inhibitor”, and 
“manual aspiration thrombectomy”. We largely selected 
publications from the past 10 years, but did not exclude widely 
referenced and highly regarded older publications. All studies 
published in English between Jan 1, 1980, and May 31, 2013, 
were included in the search.
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antiplatelet agents that provide a more rapid onset, and 
more potent and consistent inhibition of P2Y12, than is 
provided by clopidogrel. These factors supplied the moti-
vation for clinical trials that compared prasugrel and 
ticagrelor with clopidogrel in patients presenting with a 
spectrum of acute coronary syndromes, which included 
subgroups of patients with STEMI. These trials provide 
evidence that both prasugrel and ticagrelor are superior 
to clopidogrel in the populations studied, and that this 
benefi t might be extended to patients with STEMI.

Prasugrel is a third-generation thienopyridine prodrug 
that, like clopidogrel, causes irreversible inhibition of 
P2Y12 (fi gure 1). Unlike clopidogrel, however, it needs 
only one oxidative step to form its active moiety, which is 
generated much faster, more effi  ciently, and in much 
higher concentrations. Results from the TRITON-TIMI 38 
trial9 showed a 2·3% absolute reduction in the rate of a 
combined endpoint of death, myocardial infarction, and 
stroke in patients given prasugrel. Notably, the rate of 
stent thrombosis was signifi cantly lower in the prasugrel 

group than in the clopidogrel group. By contrast, rates of 
thrombolysis in myocardial infarction (TIMI) major 
bleeding and fatal bleeding were signifi cantly higher in 
the prasugrel group. Overall life-threatening bleeding 
occurred in 1·4% of the prasugrel group versus 0·9% of 
the clopidogrel group (p=0·01).9

Ticagrelor is a reversibly binding oral antagonist of 
P2Y12 (fi gure 1), and was the fi rst such drug to be 
approved. Unlike thienopyridines, it does not need 
hepatic biotransformation for activity. Ticagrelor has 
been associated with a signifi cant reduction in the 
combined rate of death from vascular causes, myocardial 
infarction, and stroke compared with clopidogrel.10 The 
rate of death, a prespecifi ed secondary endpoint, was also 
signifi cantly lower in patients receiving ticagrelor in the 
PLATO trial.10 However, the rate of major bleeding not 
related to coronary artery bypass grafting (roughly 10% of 
the study group underwent this procedure) was 
signifi cantly higher in the ticagrelor group.

The overall use of either prasugrel or ticagrelor with 
primary PCI is growing rapidly, replacing clopidogrel as 
the default P2Y12 inhibitor. For example, prasugrel was 
used as the P2Y12 inhibitor of choice in 22·2% of 
primary PCI cases in the UK in 2011.11 However, the 
enthusiastic uptake of these newer drugs in STEMI 
might be premature. Subgroup analyses of the STEMI 
populations in the TRITON-TIMI 3812 and PLATO13 trials 
showed no signifi cant benefi t in primary endpoints for 
prasugrel or ticagrelor versus clopidogrel for patients 
receiving primary PCI, but showed highly signifi cant 
reductions in primary endpoint events in patients with 
STEMI as a whole, driven by patients who received PCI 
later in their admission (secondary PCI).12

One explanation for the absence of signifi cant benefi t 
for these newer drugs in primary PCI could be 
insuffi  cient numbers of patients in the subgroups to 
yield adequate statistical power. Indeed, the subgroup 
results in these trials for primary PCI were consistent 
with the overall fi ndings. If this is the case, it is arguable 
whether the lack of robust evidence justifi es the large-
scale switch towards newer agents observed for patients 
undergoing primary PCI, particularly when the increased 
bleeding risk is taken into account. Another explanation 
for this potential lack of clinical eff ectiveness might be 
that prasugrel and clopidogrel are not as rapid ly acting in 
this clinical setting as earlier data would suggest. This 
possibility is particularly important, because the 
immediacy of primary PCI means that substantial benefi t 
would be expected from drugs that are pharmaco-
kinetically faster acting, pharma co dynamic ally stronger, 
and have a more homogeneous eff ect. In one randomised 
study14 of ticagrelor and prasugrel in patients undergoing 
primary PCI, the onset of eff ective inhibition of platelet 
reactivity was unexpectedly slow compared with non-
STEMI populations, leading the investigators to conclude 
that both drugs seemed to exhibit an initial delay in the 
onset of their antiplatelet action. Additionally, any benefi t 

Figure !: Platelet activation, adhesion, and aggregation cascade, and targets for antithrombotic drug 
therapy to support primary PCI
De-novo plaque rupture can lead to STEMI. Exposure of the subendothelial matrix and subsequent release of 
vasoactive factors enable platelet activation and release of important secondary agonists, thromboxane A2 and 
ADP. Through autocrine and paracrine mechanisms, these locally generated secondary agonists have an essential 
role in the sustained activation of glycoprotein IIb/IIIa receptors and stable platelet aggregation. Plaque rupture 
also results in tissue factor exposure that binds to activated factor VII (F7a) to form a complex which activates 
factor X (F10) to F10a.  Initial formation of small amounts of thrombin results in perpetuation of the coagulation 
process on the surface of activated platelets, where large amounts of thrombin are generated. Thrombin fi nally 
catalyses the conversion of soluble fi brinogen to insoluble strands of fi brin, thereby initiating clot formation. 
PCI=percutaneous coronary intervention. STEMI=ST-segment elevation myocardial infarction. 
VWF=von Willebrand factor. TXA2=thromboxane A2. TP=thromboxane A2 receptor. PAR-1=coagulation factor II 
(thrombin) receptor. P2Y12=purinergic receptor P2Y, G-protein coupled, 12. LMWH=low-molecular-weight 
heparin. ATIII=antithrombin III. UFH=unfractionated heparin.
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of ticagrelor or prasugrel compared with clopidogrel in 
terms of reduced peri procedural enzyme rise might not 
be detected as a result of the design of the TRITON-TIMI  
38 and PLATO trials.

Although there are reservations with respect to 
effi  cacy and increased bleeding risks, prasugrel and 
ticagrelor have received class IB recommendations as 
adjunctive treatments for primary PCI in the most 
recent iteration of the European STEMI guidelines, 
whereas clopidogrel has been assigned a class IC 
indication.1 Despite the theoretical attractiveness of 
tailored P2Y12 therapy, in which only patients shown to 
be hypo responsive to clopidogrel receive a stronger 
drug, no large-scale randomised trials have shown 
clinical benefi t for such a strategy. Such trials are needed 
to resolve this uncertainty.15,16

Parenteral antiplatelet therapy
Cangrelor
The ultimate goal of parenteral antithrombotic (anti-
platelet and anticoagulant) therapy is to provide a rapid 
onset of pharmacodynamic eff ect and durable myocardial 
reperfusion by prevention of stent thrombosis and 
periprocedural myocardial infarction, with avoidance of 
catheter thrombosis and serious bleeding.

Although not yet licensed for routine clinical use, 
cangrelor is a fast-acting and rapidly reversible parenteral 
P2Y12 inhibitor (fi gure 1). These pharmacodynamic 
characteristics are very appealing to the interventional 
cardiologist looking for powerful and rapid-onset platelet 
inhibition. In a recent all-comers PCI trial,17 patients 
given cangrelor (compared with a 600 mg load of 
clopidogrel) immediately after angiography had a 22% 
reduction in the primary endpoint of death, myocardial 
infarction, ischaemia-driven revascularisation, or stent 
thrombosis at 48 h. In the STEMI subgroup (17% of the 
total trial population), there was a consistent 25% 
reduction in the primary endpoint and a non-signifi cant 
84% higher rate of bleeding. Overall, patients treated 
with cangrelor had signifi cantly lower rates of stent 
thrombosis than those receiving clopidogrel. The clinical 
effi  cacy of cangrelor compared with glycoprotein IIb/IIIa 
inhibitors and the more potent oral P2Y12 inhibitors 
prasugrel and ticagrelor remains untested.

Glycoprotein IIb/IIIa inhibitors
Glycoprotein IIb/IIIa inhibitor therapy is the most 
pharma codynamically potent treatment strategy for 
inhibition of platelet function. By blocking downstream 
at the fi brino gen receptor, glycoprotein IIb/IIIa receptor 
inhibitors provide immediate inhibition of platelet 
aggregation stimulated by all agonists (fi gure 1). Most 
randomised clinical trials of glycoprotein IIb/IIIa 
inhibitors in patients with STEMI have studied abci-
ximab. The usefulness of glycoprotein IIb/IIIa inhibitors 
was fi rst shown in the balloon angioplasty era, before 
routine use of dual antiplatelet therapy, the advent of 

radial artery interventions, and thrombus aspiration. 
Glycoprotein IIb/IIIa inhibitor therapy is associated with 
a reduction in major adverse cardio vascular events at the 
expense of increased bleeding and thrombocytopenia.18 
However, in the era of stenting and dual antiplatelet 
therapy with high-loading doses of clopidogrel, a net 
benefi t for glycoprotein IIb/IIIa inhibitors has not been 
uniformly reported.

In a study18 of relatively low-risk patients with STEMI, 
given ticlopidine and aspirin and randomly assigned to 
balloon angioplasty versus stenting with or without 
abciximab, investigators noted reduced rates of sub-
acute thrombosis and recurrent ischaemia needing target 
vessel revascularisation during the fi rst few weeks of 
treatment in both abciximab groups. However, abcixi-
mab was associated with less benefi t in stented patients 
than in patients who received balloon angioplasty, and 
did not signifi cantly improve TIMI fl ow grade, angi-
ographic restenosis rates, or late reocclusion and cardiac 
events irrespective of the method of revascularisation.18 
In the BRAVE-3 trial,19 abciximab did not reduce infarct 
size or 30 day major adverse cardiovascular events in 
patients with STEMI given 600 mg clopidogrel before 
primary PCI. By contrast, Antoniucci and colleagues20 
reported a signifi cant reduction in a composite endpoint 
of death, reinfarction, or target vessel revascularisation at 
30 days in a higher risk STEMI population randomised 
to bare-metal stenting of the infarct-related artery alone 
or with abciximab. Although aspirin was given pre-
procedurally, ticlopidine or clopidogrel were only given 
after stenting, a potential confounder to the trial’s results. 

At present, the routine use of glycoprotein IIb/IIIa 
inhibitors in combination with unfractionated heparin 
or bivali rudin might be considered in patients without 
con traindi cations, and has been assigned a class IIb 
recom men dation with level of evidence A for abciximab, 
and level of evidence B for tirofi ban and eptifi batide, by 
European STEMI guidelines.1 US guidelines give a 
class IIa recom mendation in selected patients, particu-
larly those treated with heparin and not pretreated with a 
P2Y12 inhibitor (which is the same level of evidence as 
given by European guidelines).2

Upfront glycoprotein IIb/IIIa inhibitors
Precatheterisation compared with periprocedural use of 
abciximab in facilitated PCI has been associated with 
similar rates of both the restoration of coronary fl ow rate 
(as judged by TIMI fl ow grade 2–3) and 90 day mortality, 
but is associated with a trend to increased major bleeding.21 
However, patients given early abciximab had reduced 
1 year mortality rates compared with patients given 
abciximab later.22 Furthermore, ambulance admin istration 
of high-dose tirofi ban, in addition to 600 mg clopidogrel 
therapy, improved ST-segment resolution both before and 
after PCI, compared with downstream use.23 In a meta-
analysis24 of seven randomised trials, early abciximab 
compared with late periprocedural abciximab was 
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associated with a signifi cant reduction in mortality and 
improvements in preprocedural and postprocedural 
coronary blood fl ow and ST-segment resolution, but no 
diff erences in complications due to major bleeding.

The use of glycoprotein IIb/IIIa inhibitors before 
arrival at the catheterisation laboratory in patients with 
STEMI remains controversial, receiving a class IIb 
recom men dation in recent guidelines.1,2 In the era of 
potent and fast-acting P2Y12 blockers (prasugrel and 
ticagrelor), the usefulness of early therapy with glyco-
protein IIb/IIIa inhibitors might be further reduced. 
However, there are no randomised data available to 
compare early glycoprotein IIb/IIIa inhibitors with 
potent oral P2Y12 blockers in STEMI. Glycoprotein 
IIb/IIIa inhibitor therapy could be associated with 
greatest benefi t in patients with STEMI not pretreated 
with P2Y12 blockers, in whom risk of thrombotic events 
outweighs risk of bleeding, but more data are needed to 
fully establish their usefulness in primary PCI.

Intracoronary glycoprotein IIb/IIIa inhibitors
The rapid achievement of local platelet inhibition (poten-
tially resulting in improved myocardial per fusion) forms 
the rationale for intracoronary adminis tration of glyco-
protein IIb/IIIa inhibitors.25 In a small (n=154) random-
ised study,26 intracoronary abciximab was associated with 
smaller median infarct sizes, less microvascular obstruc-
tion (measured by delayed-enhancement MRI), and 
better ST-segment resolution than was intravenous 
abcixi mab. In a trial27 largely based on surrogate markers 
of effi  cacy, patients with STEMI undergoing primary PCI 
and receiving bivalirudin, who were randomly assigned 
to local delivery of abciximab, had reduced 30 day infarct 
size compared with patients who received no abciximab. 
However, no improvement in abnormal wall motion 
score, ST-segment resolution, post-primary-PCI coronary 
fl ow, or myocardial perfusion was shown for intra-
coronary administration. A major shift to local delivery of 
glycoprotein IIb/IIIa inhibitors has not occurred after 
fi ndings from a study28 showed that intracoronary 
abciximab was associated with a similar rate of the 
primary endpoint (a composite of death, reinfarction, or 
congestive heart failure) to intravenous abciximab, 
whereas only the incidence of new congestive heart 
failure fell in the intracoronary group. In a substudy,29 
cardiac MRI showed no benefi t of intracoronary 
abciximab compared with intravenous abciximab for 
myocardial damage or reperfusion injury. In line with 
these fi ndings and a recent meta-analysis,30 European 
STEMI guidelines suggest intracoronary administration 
of glycoprotein IIb/IIIa inhibitors could be considered, 
but intravenous administration remains the standard of 
care, if indicated.1

Parenteral anticoagulant therapy
Fibrin is abundant in the STEMI thrombus, and as 
such anticoagulant therapy is mandatory in primary 

PCI.1,2 Options include unfractionated heparin adjusted 
with use of the activated clotting time (the agent asso-
ciated with the greatest experience, albeit a generally 
weak evidence base), low-molecular-weight heparin 
(enoxa parin), and bivalirudin. There is a class I recom-
men dation for unfractionated heparin in both European 
and US guidelines if patients are not given bivalirudin 
or enoxaparin.1,2 Lower doses of unfrac tionated heparin 
are recommended if glycoprotein IIb/IIIa inhibitors are 
also given.

The usefulness of enoxaparin in primary PCI has not 
been widely investigated. Consequently, no recommen-
dation is given by US guidelines for this particular 
treatment strategy.2 Findings from the only randomised 
trial comparing enoxaparin with unfractionated heparin 
were neutral with respect to the primary endpoint.31 
However, in European guidelines there is a class IIb 
recommendation for enoxaparin compared with unfrac-
tionated heparin, because of the benefi ts noted in 
composite secondary endpoints.31 Because of the high 
rate of catheter thrombosis recorded in the OASIS-6 
trial,32 fondaparinux should not be used as the sole 
background anticoagulant for primary PCI.1,2

Bivalirudin, a direct thrombin inhibitor, was com-
pared with periprocedural abciximab or eptifi batide 
plus unfractionated heparin in the landmark 
HORIZONS-AMI trial33 (n=3602). Bivalirudin therapy 
was associated with a signifi cant reduction in the 
overall net clinical outcome, a result dominated by a 
signifi cant reduction in major bleeding. Furthermore, 
bivalirudin therapy was associated with lower cardiac 
mortality, despite a higher rate of acute stent thrombosis 
within the fi rst 24 h. Stent thrombosis in the bivalirudin 
group might have been related to lower loading doses 
of clopidogrel and the absence of heparin before 
randomisation. Indeed, major adverse cardiovascular 
events tended to be higher in patients not pretreated 
with heparin in the bivalirudin group.33 Remarkably, 
the mortality benefi ts of bivalirudin therapy persisted at 
3 year follow-up.34 The diff erence in bleeding could 
have been enhanced as a result of extended infusion of 
glycoprotein IIb/IIIa inhibitors, whereas bivalirudin 
therapy was stopped at the end of the PCI procedure. 
Use of a radial approach (in about 5% of the 
HORIZONS-AMI primary-PCI cohort) might reduce 
major bleeding with both drugs, and potentially lessen 
the diff erence between therapies. Although use of the 
new P2Y12 inhibitors (prasugrel or ticagrelor) with 
bivalirudin has been proposed as a replacement for 
glycoprotein IIb/IIIa inhibitors, there are no 
random ised data to support this proposal. In the 
TRITON-TIMI  389 and PLATO10 invasive studies, the 
benefi ts of prasugrel and ticagrelor versus clopidogrel 
were noted irrespective of glycoprotein IIb/IIIa 
inhibitor therapy. Because of concerns about acute 
stent thrombosis in the bivalirudin group of the 
HORIZONS-AMI study, the combination of prasugrel 
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plus bivalirudin will be compared with high-loading-
dose clopidogrel plus unfractionated heparin in the 
BRAVE-4 trial (NCT00976092). 

On the basis of this evidence, bivalirudin has been 
assigned a class IB recommendation with or without 
previous heparin therapy by European and US STEMI 
guidelines.1,2 In patients at high risk of bleeding, 
preferential use of bivalirudin monotherapy compared 
with unfractionated heparin plus glycoprotein IIb/IIIa 
inhibitors is given a class IIa recommendation in US 
guidelines.2 Of note, 2357 of 3602 patients enrolled in 
the HORIZONS-AMI trial received a prerandomisation 
bolus of unfractionated heparin. In the HORIZONS 
-SWITCH analysis,35 30 day and 2 year outcomes for the 
switch group (who received pre randomisation 
unfractionated heparin followed by bivalirudin) were 
compared with a control group (who received pre-
randomisation unfractionated heparin followed by 
unfractionated heparin plus glycoprotein IIb/IIIa 

inhibitor). The switch group had signifi cantly lower 
rates of 30 day major bleeding and cardiac mortality, 
which persisted for 2 years. The apparent benefi t of a 
bolus of unfractionated heparin plus bivalirudin is lent 
support by similar results from a large Swedish registry 
analysis of primary PCI.36

Thrombus aspiration
Despite appropriate and timely epicardial recanalisation 
of the infarct-related artery, a signifi cant proportion (up 
to 65% undergoing primary PCI in the absence of 
cardiogenic shock) of patients with STEMI do not 
achieve optimum myocardial reperfusion downstream 
of the occlusion.37,38 Distal embolisation of plaque debris 
during mechanical instrumentation, combined with 
varying degrees of ischaemia or reperfusion injury, a 
pro thrombotic milieu, and microcirculatory obstruction, 
can result in so-called no-refl ow—defi ned as reduced or 
absent antegrade fl ow despite angiographic evidence of 

 Year of 
publication

Selection criteria Method of embolisation 
protection

Number 
of trials 

Number of 
patients

Notable outcomes

Bavry and 
colleagues47

2008 All trials from January, 1996, to June, 
2008, were open to selection; 
inclusion criteria were patients 
randomly assigned within 12 h of 
acute MI with embolisation 
protection before primary PCI versus 
primary PCI alone; exclusion criteria 
were device versus device studies; 
patient-level data were not available

Thrombus aspiration; 
mechanical 
thrombectomy; embolic 
protection devices

30 6415 All-cause mortality
• Thrombus aspiration at mean of 6·2 months:

2·7% versus 4·4% (p=0·018)
• Mechanical thrombectomy at mean of 4·6 months:

5·3% versus 2·8% (p=0·050)
• Embolic protection devices at mean of 3·7 months:

3·1% versus 3·4% (p=0·69)
Stroke risk
• Signifi cant increase in the risk of stroke (RR 3·01, p=0·024) when 

outcome data from thrombus aspiration and mechanical 
thrombectomy studies were combined

De Luca and 
colleagues48

2008 All trials from January, 1990, to May, 
2008, were open to selection; 
inclusion criteria were randomised 
treatment allocation and availability 
of complete clinical data; exclusion 
criteria were outcome data available 
in <90% of patients, ongoing 
studies, or trials with <50 patients; 
patient-level data were not available

Manual thrombus 
aspiration only

9 2417 30 day mortality
• 1·7% versus 3·1% (p=0·04)
TIMI fl ow grade 3
• 87·2% versus 81·2% (p<0·0001)
MBG
• 52·1% versus 31·7% (p<0·0001)
Angiographic distal embolisation
• 7·9% versus 19·5% (p<0·0001)

Burzotta and 
colleagues49

2009 All trials of PCI for STEMI with or 
without thrombectomy from 
October, 2003, to February, 2008, 
were open to selection; inclusion 
criteria were randomised treatment 
allocation; exclusion criteria were 
equivocal treatment allocation 
processes; a pooled analysis of 
patient-level data was done

Manual or non-manual 
thrombectomy

11 2686 Thrombectomy overall
• Reduced all-cause mortality (log-rank p=0·049)
• Signifi cantly fewer MACE (log-rank p=0·011)
• Signifi cantly fewer deaths or MIs (log-rank p=0·015)
• NNT=62 (at 1 year) to prevent 1 death
Manual thrombectomy
• Signifi cantly fewer deaths (log-rank p=0·011)
• NNT=34 (at 1 year) to prevent 1 death
Non-manual thrombectomy
• Similar mortality with standard PCI (log-rank p=0·481)

Mongeon and 
colleagues50

2010 All trials up to October, 2009, were 
open to selection; inclusion criteria 
were patients referred for primary or 
rescue PCI for acute STEMI within 
12 h of symptom onset, patients 
given adjunctive thrombectomy 
only, or patients randomly allocated 
to primary PCI with or without 
thrombectomy; patient-level data 
were not available

Thrombus aspiration and 
mechanical 
thrombectomy devices

21 4299 30 day mortality
• No signifi cant change with any device (OR 0·94, 95% CI 

0·47–1·80) or with an aspiration device (OR 0·58, 95% CI 
0·28–1·22)

Surrogate markers of myocardial reperfusion
• Most patients achieved >50% ST-segment resolution

(OR 2·22, 95% CI 1·60–3·23)
• Less frequent no-refl ow

(OR 0·39, 95% CI 0·18–0·69)
• Less frequent distal embolisation

(OR 0·46, 95% CI 0·28–0·70)

(Continues on next page)
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a patent epicardial artery.39 Knowledge of these incipient 
pathophysiological processes has resulted in the 
evolution of several devices for adjunctive thromb-
ectomy, designed to minimise the risk of distal embol-
isation before or during primary angioplasty. These 
devices have now largely superseded those for 
embolic protection.40,41

Several randomised trials of upfront aspiration or 
mechanical thrombectomy before primary PCI have 
been plagued by small sample sizes, truncated follow-up, 
and a reliance on surrogate markers of myocardial 
reperfusion as a metric of effi  cacy—eg, ST-segment 
resolution, myocardial blush grade, macroscopic distal 
embolisation (which is prone to operator biases), or TIMI 
fl ow grade. Most were signifi cantly underpowered to test 
for hard clinical endpoints, and have thus produced 
confl icting fi ndings on the rate of major adverse 
cardiovascular events in the subacute post-infarct phase. 
Results from the TAPAS trial,42 the largest thrombus 
aspiration trial to date, showed no diff erence in clinical 
outcomes at 30 day follow-up. At 1 year follow-up, 

however, rates of cardiac death and cardiac death plus 
non-fatal reinfarction were both signifi cantly reduced in 
the aspiration thrombectomy cohort.43 These fi ndings 
have been reproduced in other trials.44–46

Direct comparisons of aspiration with mechanical 
thrombectomy are not available, but several meta-
analyses (dominated by the TAPAS trial) have shown a 
slight mortality benefi t for thrombectomy in the long 
term (table). Despite the inherent limitations of these 
meta-analyses (variation in inclusion and exclusion 
criteria, devices under investigation, availability of 
patient-level data, endpoints, and follow-ups, and 
operator-dependent procedural inconsistencies) they 
show a trend towards better outcomes with manual 
throm bus aspiration than with mechanical devices. Most 
of these meta-analyses pre-date fi ndings from the 
JETSTENT trial (n=501),54 which showed signifi cantly 
improved rates of major adverse cardiovascular events at 
6 month and 1 year event-free survival with mechanical 
rheolytic thrombectomy. The meta-analyses also show a 
signifi cantly greater risk of stroke after thrombectomy, 

 Year of 
publication

Selection criteria Method of embolisation 
protection

Number 
of trials 

Number of 
patients

Notable outcomes

(Continued from previous page)

Tamhane and 
colleagues51

2010 All trials randomly assigning 
patients with STEMI to 
thrombectomy before primary PCI 
versus conventional primary PCI 
alone from 1996 to December, 
2009, were open to selection

Thrombus aspiration and 
mechanical 
thrombectomy

17 3909 30 day mortality
• No di! erence in mortality between thrombectomy and 

conventional primary PCI overall
(OR 0·84, 95% CI 0·54–1·29, p=0·42)

• Trend towards higher mortality with mechanical devices
(OR 2·07, 95% CI 0·95–4·48, p=0·07)

• Signifi cant reduction in mortality with manual aspiration 
thrombectomy
(OR 0·59, 95% CI 0·35–1·01, p=0·05)

Stroke
• Signifi cant increase in the risk of stroke with thrombectomy 

overall
(OR 2·88, 95% CI 1·06–7·85, p=0·04)

Jang and 
colleagues52

2012 All randomised, case-control, and 
cohort studies of adjunctive devices 
to prevent distal embolisation in 
patients with STEMI from January, 
2002, to May, 2012, were open to 
selection

Adjunctive 
thrombectomy devices

22 7229 Thrombectomy devices
• Signifi cant reduction in MACE

(OR 0·81, 95% CI 0·68–0·98, p=0·03)
• No di! erence in mortality

(OR 0·97, 95% CI 0·73–1·29, p=0·81)
• Signifi cantly higher ST-segment resolution

(OR 2·04, 95% CI 1·50–2·78, p<0·001)
• Signifi cantly higher rate of MBG 3

(OR 2·26, 95% CI 1·34–3·81, p=0·002)

Kumbhani and 
colleagues53

2013 All studies that randomly assigned  
patients within 12 h of acute MI to 
aspiration thrombectomy plus 
primary PCI versus primary PCI alone, 
or mechanical thrombectomy plus 
primary PCI versus primary PCI alone, 
reported from January, 1996, to 
December, 2012, were included

Thrombus aspiration and 
mechanical 
thrombectomy

25 5534 Aspiration thrombectomy plus primary PCI
• Signifi cant reduction in MACE (RR 0·76, 95% CI 0·63–0·92, 

p=0·006) and all-cause mortality (RR 0·71, 95% CI 0·51–0·99, 
p=0·049)

• Improvement in ST-segment resolution at 60 min (RR 1·31, 
95% CI 1·16–1·48, p<0·0001) and TIMI blush grade 3 post 
procedure (RR 1·37, 95% CI 1·19–1·59, p<0·0001)

Mechanical thrombectomy plus primary PCI
• No signifi cant di! erences in the incidence of MACE (RR 1·10, 

95% CI 0·59–2·05, p=0·77), mortality (p=0·57), MI (p=0·32), 
target vessel revascularisation (p=0·19), or fi nal infarct size 
(p=0·47)

PCI=percutaneous coronary intervention. MI=myocardial infarction. RR=risk ratio. TIMI=thrombolysis in myocardial infarction. MBG=myocardial blush grade. STEMI=ST-segment elevation myocardial infarction. 
MACE=major adverse cardiovascular events. NNT=number needed to treat. OR=odds ratio.

Table: Contemporary meta-analyses of adjunctive thrombectomy before primary PCI for acute MI
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possibly secondary to entrainment of air during aspir-
ation or antegrade or retrograde embolisation of plaque 
debris as the clot is disrupted.47,51

Negative results27,55,56 have cast a shadow on adjunctive 
thrombectomy in primary PCI, which has resulted in 
class IIa (level of evidence B) recommendations for use 
of routine thrombus aspiration in European and US 
guidelines for management of STEMI.1,2 Indeed, data 
from the US CathPCI Registry showed that thrombectomy 
was done in only 18·9% of patients with primary PCI. 
This fi nding is a poignant reminder of how interpretation 
of confl icting trial results can transfer into real-world 
clinical practice.57

The search for an optimum adjunctive 
reperfusion strategy
Adjunctive reperfusion therapies for primary PCI 
are rapidly evolving. Non-enteric-coated aspirin 

(300–325 mg), chewed and swallowed before PCI, is 
mandatory in the absence of a clear allergy. A loading 
dose of 300 mg clopidogrel can also be given before 
primary PCI, although it would be expected to take 
several hours to have its full eff ect. Therefore, 600 mg 
clopidogrel is often given; this dose would be expected 
to have a more rapid onset of activity, although will still 
probably take 2 h before optimum platelet inhibition 
occurs. A loading dose of 60 mg prasugrel has been 
studied in patients with STEMI,9,12,58,59 and a loading 
dose of 180 mg ticagrelor has also been studied in acute 
coronary syndromes, including STEMI.10,13,60,61 How-
ever, even these more potent oral drugs might not ade-
quately inhibit platelets in patients with STEMI.14,62 
The ATLANTIC trial (NCT01347580)63 is enrolling up to 
1770 patients with STEMI to establish whether pre-
hospital ticagrelor loading can optimise primary-PCI 
outcomes even further.

Figure !: An optimum strategy for adjunctive reperfusion in primary PCI
(A) Coronary angiography showing a total occlusion of the proximal right coronary artery leading to an inferior ST-segment elevation myocardial infarction. 
(B) Before coronary stent deployment, manual thrombus aspiration is done to remove as much thrombus material as possible to prevent distal embolisation. Note 
the tip of the thrombectomy catheter (green arrow). (C) Restoration of TIMI fl ow grade 3 after stent deployment. PCI=percutaneous coronary intervention. 
TIMI=thrombolysis in myocardial infarction. GPI=glycoprotein IIb/IIIa inhibitor.
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In the catheterisation laboratory, anticoagulation needs 
to be given. Intravenous unfractionated heparin is often 
the default strategy, and in many parts of the world 
intravenous glycoprotein IIb/IIIa inhibitors are given as 
well. However, in view of its improved safety and poten-
tially lower mortality, bivalirudin seems to be the 
preferred anticoagulant in primary PCI, with bailout 
glycoprotein IIb/IIIa inhibitors reserved only for throm-
botic complications.33,34,64 Patients randomly assigned to 
bivalirudin in the HORIZONS-AMI trial had increased 
rates of stent thrombosis within the fi rst 24 h. If more 
potent oral or intravenous antiplatelet inhibitors had 
been given with bivalirudin, this excess risk might have 
been reduced or negated, increasing the risk–benefi t 
ratio of a bivalirudin-based treatment strategy (assuming 
bleeding was not increased with the more potent anti-
platelet therapy). Potentially, the intravenous reversible 
antiplatelet drug can grelor could neatly fi ll a gap in the 
treatment strategies available at present, providing 
almost instantaneous P2Y12 inhibition that is also 
rapidly reversible. The EUROMAX trial (NCT01087723) 
is underway to investigate whether prehospital adminis-
tration of bivalirudin will improve 30 day outcomes 
compared with the present standard of care in patients 
with STEMI undergoing primary PCI.

Although pharmacotherapy is an essential component 
of the adjunctive options available for primary PCI, 
procedural aspects are also important. Before stenting, 
routine, manual catheter aspiration of thrombus seems 
to reduce ischaemic complications. Meta-analyses 
have generally supported this benefi t (table), although 
individual studies have produced confl icting results. 
Findings from two large multicentre randomised trials of 
manual thrombus aspiration versus standard primary 
PCI—the TASTE trial (NCT01093404)65 and the TOTAL 
trial (NCT01149044)—should provide an answer to the 
present conundrum because they are powered for hard 
clinical endpoints including mortality. 

Routine thromboaspiration during STEMI has aff orded 
the opportunity to study thrombus architecture, its 
relation to total ischaemic time (ie, symptom onset to 
PCI), and its eff ect on myocardial reperfusion. In a well 
designed study, Silvain and colleagues66 noted that 
retrieved thrombi can be dichotomised as old fi brin-rich 
thrombi, corresponding to an ischaemic time of more 
than 3 h, and fresh platelet-rich thrombi from patients 
presenting within 1 h of symptom onset. Despite no 
reported diff erences in reperfusion, studies such as this 
and that of Kramer and colleagues67 might provide 
improved understanding of the eff ectiveness of specifi c 
therapies for adjunctive reperfusion therapies in accord-
ance with time of administration.

The choice of stent also seems to be important, because 
it relates to thrombotic risk.68,69 For example, second-
generation drug-eluting stents have been shown by 
fi ndings of meta-analyses to have lower rates of stent 
thrombosis than have either fi rst-generation drug-eluting 

stents or bare-metal stents.70,71 The choice of stent remains 
contentious, and there are discrepant data with respect 
to advantages of bare-metal versus drug-eluting stents, 
specifi cally whether some second-generation drug-
eluting stents off er improved clinical outcomes compared 
with fi rst-generation or bare-metal stents. More data are 
needed to answer this question.72,73

Conclusions
Platelets play a fundamental role in the genesis of 
STEMI; therefore, prompt and potent platelet inhibition, 
along with parenteral anticoagulant therapy, is essential. 
Aspirin is the bedrock antiplatelet agent. Evidence from 
the latest trials support the usefulness of P2Y12 inhibitors 
that are associated with more potent pharmacodynamic 
eff ects than is clopidogrel (ie, prasugrel or ticagrelor). 
Despite the greater antiplatelet potency of glycoprotein 
IIb/IIIa inhibitors, their use in STEMI remains largely 
contro versial, as refl ected in the guidelines.

We have endeavoured to formulate an optimum, 
guideline-driven strategy for adjunctive reperfusion in 
primary PCI on the basis of the present evidence base 
and ideal circumstances (fi gure 2). Adoption of such a 
strategy, however, will depend largely on operator prefer-
ence, experience, and skills, lesion characteristics, local 
and national protocols, reimbursement policies, and the 
logistics of the particular health-care system in which the 
procedure is done.
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Future treatment strategies in ST-segment elevation 
myocardial infarction
Stephan Windecker, Jeroen J Bax, Aung Myat, Gregg W Stone, Michael S Marber

Over the past fi ve decades, management of acute ST-segment elevation myocardial infarction (STEMI) has evolved 
substantially. Current treatment encompasses a systematic chain of network activation, antithrombotic drugs, and 
rapid instigation of mechanical reperfusion, although pharmacoinvasive strategies remain relevant. Secondary 
prevention with drugs and lifestyle modifi cations completes the contemporary management package. Despite a 
tangible improvement in outcomes, STEMI remains a frequent cause of morbidity and mortality, justifying the quest 
to fi nd new therapeutic avenues. Ways to reduce delays in doing coronary angioplasty after STEMI onset include early 
recognition of symptoms by patients and prehospital diagnosis by paramedics so that the emergency room can be 
bypassed in favour of direct admission to the catheterisation laboratory. Mechanical reperfusion can be optimised by 
improvements to stent design, whereas visualisation of infarct size has been improved by developments in cardiac 
MRI. Novel treatments to modulate the infl ammatory component of atherosclerosis and the vulnerable plaque 
include use of bioresorbable vascular scaff olds and anti-proliferative drugs. Translational eff orts to improve patients’ 
outcomes after STEMI in relation to cardioprotection, cardiac remodelling, and regeneration are also being realised.

Introduction
Management of ST-segment elevation myocardial infarc-
tion (STEMI) has evolved substantially over the past fi ve 
decades. Today, there is a systematic treatment chain in 
place that encompasses STEMI network acti vation, 
adminis tration of potent antithrombotic drugs, and rapid 
reperfusion, primarily by mechanical means. Secondary 
prevention thereafter includes use of drugs and lifestyle 
modifi cations. Implementation of these measures—
proven in past clinical trials—has led to impressive 
declines in mortality, reinfarction, and heart failure. This 
systematic approach forms the foun dation on which new 
treatments are tested. As a result, current and future 
clinical trials now need many thousands of patients to 
have adequate power to ascer tain reductions in these 
same endpoints. Mortality, reinfarction, and heart failure 
are fairly rare and binary events. Other manifestations of 

STEMI are often continuous and can be assessed in every 
enrolled patient—eg, cardiac MRI measurements of left-
ventricular geometry and systolic function, myocardial 
area at risk, fi nal infarct size, and extent of salvaged 
myocardium. These outcome measures are now used 
increasingly in clinical trials as surrogates for heart 
failure and death. Final infarct size is an especially strong 
predictor of functional recovery and long-term outcome 
after infarction and is generally estimated by measure-
ment of markers of myocardial necrosis, such as troponin 
in serum samples.

Here, we describe innovations for the acute phase of 
STEMI and summarise their eff ect on clinical or 
surrogate outcomes. We highlight novel ideas to reduce 
patient-related and health-system-related delays after 
onset of STEMI and ways in which mechanical reper-
fusion can be augmented. We discuss translational 
eff orts to optimise patients’ outcomes after STEMI by 
reducing myocardial infarction, improving ventricular 
remodel ling, and enhancing myocardial regeneration, 
and we look at how these processes can be measured by 
advances in cardiac imaging, to provide surrogate end-
points that promise prognostic benefi t. Finally, we 
present anti-infl ammatory and related interventions 
designed to pacify active atherosclerotic plaques to 
prevent future cardiovascular events.

Reduction of treatment delays
Reperfusion treatment for STEMI patients is most 
benefi cial if it is given within the fi rst 3 h after symptom 
onset.1 During this period, substantial myocardial salvage 
can be achieved and survival is increased; however, only 
a minority of patients undergo treatment during this 
time.2 Delays can arise between symptom onset and 
fi rst medical contact (patient-related) and between fi rst 
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medical contact and reperfusion treatment (health-
system-related; fi gure 1).3

Health-system delays could be reduced if emergency 
doctors were able to activate centres for percutaneous 
coronary intervention (PCI), if a single-call system was 
available to activate PCI facilities, if the catheterisation 
laboratory was notifi ed while the patient was en route to 
hospital, if an attending cardiologist was available 
permanently on site, and if catheterisation laboratory 
staff  were expected within 20 min of notifi cation.4 
Further more, the recording of prehospital 12-lead electro-
cardiograms (ECGs) by trained paramedics accelerates 
STEMI diagnosis, eliminates the need for in-hospital 
ECGs, and activates PCI-capable centres early, bypassing 
the emergency room, which can shorten the door-to-
balloon time by 15–60 min.5 Health-system-related delays 
correlate with mortality in STEMI patients undergoing 
primary PCI. Of note, any 15 min reduction in door-
to-balloon time from between 150 min to less than 
90 min is associated with six fewer deaths per 1000 treated 
patients.6 Performance monitoring can identify areas for 
improve ment and lead to increased quality of care.3

Delays attributable to the patient account for up to two-
thirds of the overall ischaemic time before reperfusion7 
and are most likely to arise in older individuals, women, 
people with pre-existing diabetes, and patients of low 
socioeconomic status.8 Beyond public campaigns, doc tors 
and health-care providers can boost awareness of the 
typical symptoms of myocardial infarction among people 
at increased risk—such as those with established coronary 
artery disease, symptoms of angina, or diabetes. In a sex-
specifi c analysis of the APEX-AMI trial,9 the presence of 
baseline Q-waves in STEMI patients under going primary 
PCI was a stronger predictor of 90 day mortality than was 
time from symptom onset to PCI, particularly in women, 
showing that Q-waves are an important prognostic marker.

A novel idea to increase patients’ self-awareness is to 
monitor at-risk individuals continuously in the com-
munity, enabling them to seek medical attention 
promptly in case of suspected myocardial infarction. The 
AngelMed Guardian system (Angel Medical Systems, 
Shrewsbury, NJ, USA) is an implantable medical 
device that analyses intracardiac ECGs recorded from a 
standard right-ventricular lead. In case of acute ECG 
changes, this early-warning system will alert the patient 
by vibration and send radiofrequency signals to an 
external pager, giving additional auditory and visual 
alerts (fi gure 1).10 This device is under investigation 
in the ALERTS study (ClinicalTrials.gov identifi er 
NCT00781118) in patients at increased risk of acute 
coronary syndromes—eg, those with diabetes or renal 
failure or who have a thrombo lysis in myocardial infarc-
tion (TIMI) risk score of 3 or higher. Of note, fi ndings of 
the ST DETECT trial (NCT00930969)—in which high-
fi delity intracardiac electrogram signals were used to 
detect ischaemic ST deviation derived from implantable 
cardioverter defi brillator leads—were dis appointing and 
the trial was interrupted early because of unexpectedly 
low event rates.

A single-lead ECG can also be recorded with custom-
made electrode cases designed for smartphones 
(fi gure 1). The signal is detected through contact from 
the fi ngers of each hand (or placement on the 
patient’s chest), and then displayed, stored, and trans-
mitted wirelessly to doctors. The AliveCor (AliveCor, 
San Francisco, CA, USA) mobile heart monitor has 
received US Food and Drug Administration (FDA) 
approval and can be prescribed to patients.

Establishing a robust STEMI network is important in 
improving patients’ outcomes after successful resusci-
tation from out-of-hospital cardiac arrest. The idea of 
cardiac receiving centres emerged from the proven 

Figure !: Patient-related and health-system delays in the STEMI management continuum
There is a time-critical therapeutic window starting with symptom onset until reperfusion therapy for STEMI. Red arrows show where specifi c delays could potentially 
be reduced. Monitoring devices (either implantable or via a smartphone) could help to lessen patient delays. ECG=electrocardiogram. PCI=percutaneous coronary 
intervention. STEMI=ST-segment elevation myocardial infarction.
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success of the trauma centre model, in which an inte-
grated and multidisciplinary-care package exists to 
manage every facet of patients’ needs.11 As such, centres 
undertaking primary PCI should aim to coordinate their 
emergency medicine, cardiology, and critical care ser-
vices, to safe guard delivery of mild therapeutic hypo-
thermia (cooling to a core temperature of 32–34°C for 
12–24 h followed by controlled rewarming) for selected 
comatose patients, emergent coronary angiography, 
early haemodynamic stabilisation, rapid response to 
rearrest, and appropriate electro physiological assessment 
before discharge.12–14 In 2010, the International Liaison 

Com mittee on Resusci tation (ILCOR) published treat-
ment recommen dations stating that immediate angi-
ography and subsequent PCI should be considered in 
patients with STEMI (or new left-bundle-branch block) 
once a return of spontaneous circulation is achieved after 
out-of-hospital cardiac arrest.15 European and US guide-
lines for STEMI treatment reinforce this guidance with 
recom mendations not only for immediate angi ography in 
STEMI patients on post-resuscitation ECG but also for 
mild therapeutic hypothermia for individuals who are 
comatose or in deep sedation.16,17 The validity of emergent 
angiography in resuscitated patients without ST-segment 

Figure !: Novel intracoronary devices and putative mechanisms to improve outcomes of mechanical reperfusion
New-generation drug-eluting stents release antiproliferative drugs over a period of weeks to months to reduce restenosis. The long-term outcome is lumen patency 
without thrombotic complications. Polymer-free drug-eluting stents release antiproliferative drugs over a period of days to weeks via various mechanisms of drug 
binding and release. Their aim is to accelerate arterial healing and maintain lumen patency. Drug-eluting balloons could be applied either before or after implantation 
of a bare-metal stent, with the aim to suppress neointimal hyperplasia within the stent, to maintain vessel patency. Bioresorbable sca! olds have a biodegradable 
coating that releases antiproliferative drugs over a period of weeks to months and a metallic or polymer stent backbone that biodegrades over months to years. The 
sca! olded segment undergoes vessel remodelling to increase long-term vessel patency and adaptive shear stress, resume vasomotion, and induce regression of 
atherosclerosis. Self-expanding stents aim to overcome stent undersizing caused by vessel constriction and thrombus apposition. Mesh-covered stents target distal 
embolisation and associated no-refl ow by means of thrombus exclusion and microcirculatory protection. DAPT=dual antiplatelet therapy.
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elevation on ECG continues to be debated,18 and results of 
automated mechanical versus manual chest compres-
sions are confl icting.19,20 Ongoing clinical trials such as 
NORCAST (NCT01239420), LUCAT (NCT01521208), and 
a Finnish assessment of the quality of resuscitation in 
patients after cardiac arrest (NCT00951704) might shed 
light in this area.

Mechanical reperfusion
In STEMI patients, mechanical reperfusion of epicardial 
coronary arteries is the treatment of choice because, 
compared with fi brinolysis, mechanical reperfusion 
increases vessel patency, diminishes risk of reinfarction, 
cuts stroke risk, and boosts survival.21 Stent implantation 
has proven eff ectiveness over balloon angioplasty, as noted 
in European Society of Cardiology (ESC) guide lines for 
management of STEMI.17 However current stent-based 
reperfusion has shortcomings, such as stent throm bosis, 
restenosis, stent malapposition, and impaired myocardial 
perfusion attributable to distal embolisation of plaque 

and thrombus, all of which could be reduced by 
future technologies.

Compared with bare-metal stents, early-generation 
drug-eluting stents have cut the risk of repeat revascular-
isation without aff ecting mortality or reinfarc  tion. Effi  -
cacy benefi ts seem to be off set in some patients by an 
increased risk of very late stent thrombosis secondary to 
impaired vessel healing22 and by accelerated neo athero-
sclerosis.23 New-generation drug-eluting stents aim to 
produce a patent lumen within the stented segment, 
without thrombotic complications (fi gure 2). They 
feature cobalt-chromium or platinum-chromium plat-
forms with thinner struts, increased biocompatibility, 
and reduced thickness of durable or biodegradable 
polymers, which are used to lessen restenosis. Experi-
mental data suggest that some polymers have anti-
thrombotic properties. New-generation drug-eluting 
stents release antiproliferative drugs—eg, sirolimus, 
everolimus, zotarolimus, bio limus A9, novolimus, and 
myolimus—over a period of weeks to months (table 1).24

Drug 
(concentration)

Drug release Platform
material

Strut thickness 
(µm)

Polymer 
material

Polymer
type

Coating location 
(thickness)

Xience Xpedition
(Abbott Vascular)

Everolimus 
(100 μg/cm²)

80% over 30 days Cobalt-chromium 
L605

81 PBMA and PVDF Durable Conformal 
(8 µm)

Promus Element
(Boston Scientifi c)

Everolimus 
(100 μg/cm²)

80% over 30 days Platinum-chromium 81 PBMA and PVDF Durable Conformal 
(8 µm)

Endeavour Resolute
(Medtronic)

Zotarolimus 
(160 μg/cm²)

85% over 60 days Cobalt-chromium 91 PBMA, PHMA, 
PVP, and PVA

Durable Conformal 
(6 µm)

DESyne
(Elixir Medical)

Novolimus 
(5 μg/mm)

80% over 90 days Cobalt-chromium 80 PBMA Durable Conformal 
(<3 µm)

BioMatrix Flex
(Biosensors)

Biolimus A9 
(15·6 µg/mm)

45% over 30 days Stainless steel 112 PDLLA Degradable 
(6–9 months)

Abluminal 
(10 µm)

Nobori
(Terumo)

Biolimus A9 
(15·6 µg/mm)

45% over 30 days Stainless steel 112 PDLLA Degradable 
(6–9 months)

Abluminal 
(10 µm)

SYNERGY
(Boston Scientifi c)

Everolimus 
(6 μg/mm)

50% over 30 days Platinum-chromium 74 PLGA Degradable 
(3–4 months)

Abluminal
(4 µm)

DESyne BD
(Elixir Medical)

Novolimus 
(5 μg/mm)

90% over 90 days Cobalt-chromium 81 PDLLA Degradable 
(6–9 months)

<3 µm

Elixir Myolimus
(Elixir Medical)

Myolimus 
(3 μg/mm)

90% over 90 days Cobalt-chromium 80 PDLLA Degradable 
(6–9 months)

<3 µm

Orsiro
(Biotronik)

Sirolimus 
(1·4 μg/mm²)

50% over 30 days Cobalt-chromium 
L605

60 PLLA Degradable 
(>12 months)

Asymmetrical 
(7 µm)

MiStent
(Micell)

Crystalline 
sirolimus 
(2·4 μg/mm²)

100% over 60 days Cobalt-chromium 
L605

64 PLGA Degradable 
(3–4 months)

NA

Supralimus
(Sahajand Medical)

Sirolimus 
(125 μg/19 mm)

50% over 10 days Stainless steel 80 PLLA, PLGA, PLC, 
PVO

Degradable NA

Excel
(JM Medical)

Sirolimus 
(195–376 μg)

45% over 30 days Stainless steel 119 PDLLA Degradable 
(6–9 months)

15 µm

Firehawk
(Microport)

Sirolimus 
(55 µg/18 mm)

75% over 30 days Cobalt-chromium 
with grooves

NA PDLLA, abluminal 
groove fi lled

Degradable 
(6–9 months)

NA

Combo
(Orbus Neich)

Endothelial 
progenitor cells 
and sirolimus 
(5 µg/mm)

95% over 30 days Stainless steel 100 PDLLA, PLGA Degradable 
(3 months)

Abluminal
(5 µm)

NA=not applicable. PBMA=polybutyl methacrylate. PHMA=polyhexyl methacrylate. P(D)LLA=poly-(D)L-lactic acid. PLGA=polylactic-co-glycolic acid. PVA=polyvinyl alcohol. 
PVDF=polyvinylidene fl uoride. PVO=polyvinyl octal. PVP=polyvinyl pyrrolidone. PLC=polymer liquid crystal.

Table !: New-generation drug-eluting stents 
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In 1504 STEMI patients in the EXAMINATION trial,25 
new-generation everolimus-eluting stents with a durable 
fl uoropolymer showed a similar risk of death, myo cardial 
infarction, or any revascularisation compared with 
bare-metal stents (11·9% vs 14·2%; p=0·19). Notably, 
everolimus-eluting stents were associated with a lower risk 
of target lesion revascularisation (2·1% vs 5·0%; p=0·003) 
and stent thrombosis (0·5% vs 1·9%; p=0·019) at 1 year. 
Similarly, in 1161 STEMI patients, new-generation bio-
limus A9-eluting stents with a bio degradable polymer 
lowered the risk of cardiac death, target-vessel reinfarction, 
and target lesion revascular isation at 1 year, compared with 
bare-metal stents (4·3% vs 8·7%; p=0·004).26 These 
observations suggest that, for mechanical reperfusion of 
STEMI, new-generation drug-eluting stents further extend 
the benefi ts of bare-metal stents, a hypothesis to be 
investigated in future trials.

Drug-eluting bioresorbable vascular scaff olds are 
intracoronary prostheses that provide temporary scaf-
folding but, over a period of several months to years, are 
resorbed fully by biochemical reactions.27 They have a 
biodegradable coating from which antiproliferative drugs 
are released over a period of weeks to months, which 
might promote vessel remodelling, resulting in late 
lumen enlargement and reduction of the necrotic core 
and plaque size, thereby decreasing the risk of late 
adverse events (fi gure 2). These devices promise benefi t 
beyond current metallic stent platforms by avoiding 
permanent caging of the stented segment with the 
potential to increase long-term vessel patency, vaso-
motion, adaptive shear stress, sealing of plaques, and 
access to side branches.28 In STEMI patients with 

ruptured plaques, bioresorbable vascular scaff olds 
could overcome the issue of impaired arterial healing, 
there by eliminating concerns over incomplete strut 
endo thelialisation, neoatherosclerosis, stent thrombosis, 
and the collateral eff ect of prolonged dual antiplatelet 
treatment. They might also form a new cap on rupture-
prone plaques, thereby stabilising a vulnerable plaque.29 
Several bioresorbable vascular scaff olds have under-
gone clinical investigation (table 2), with most clinical 
experience gathered from poly-L-lactic acid-based 
everolimus-eluting vascular scaff olds in low-risk patients 
without STEMI.30,31

Several other platforms are under investigation for 
mechanical reperfusion in the setting of STEMI (fi gure 2). 
Self-expanding stents aim to overcome under sizing of 
balloon-expandable stents caused by vessel constric-
tion and thrombus apposition. Mesh-covered stents are 
intended to mitigate distal embolisation and associated 
no-refl ow by thrombus exclusion and micro circulatory 
protection. Polymer-free stents are implanted to avoid 
polymer-related late adverse events and to increase arterial 
healing while maintaining lumen patency. Finally, drug-
eluting balloons could be inserted— either before or after 
implantation of a bare-metal stent—into ruptured, throm-
botic plaques of patients with STEMI to suppress neo-
intimal hyperplasia and to maintain vessel patency. These 
devices transfer highly lipophilic anti-proliferative agents 
passively from a carrier on the balloon surface into the 
coronary artery intima.

Findings from intracoronary imaging and pathological 
studies show that patients who present with acute 
coronary syndromes have many plaques vulnerable to 

Sca! old material Sca! old design Sca! old 
resorption time 
(months)

Strut thickness 
(µm)

Drug 
(concentration)

Drug 
release

Coating material 
for drug release

Polymer type 
for drug 
release

Deployment

Absorb BVS 1·1
(Abbott Vascular)

PLLA In-phase zig-zag 
hoops linked by 
bridges

24 156 Everolimus 
(100 μg/cm²)

80% over 
30 days

PDLLA Degradable 
(6–9 months)

Balloon expansion

DESOLVE
(Elixir Medical)

PLLA NA 12 150 Novolimus 80% over 
30 days

PDLLA NA Balloon expansion

REZOLVE 
sirolimus-eluting 
scaff old
(REVA Medical)

Tyrosine poly 
(desamino-
tyrosyltyrosine ethyl 
ester) carbonate

Helical stent with 
locking 
mechanism

12–18 114–228 Sirolimus 
(80 μg)

NA None NA Slide and lock 
mechanism

IDEAL
(Xenogenics)

Poly-anhydride 
ester-based on 
salicylic acid and 
adipic acid anhydride

Tube with 
laser-cut voids

9–12 175 Sirolimus 
(8·3 μg/mm)

>90% over 
30 days

Salicylate plus 
diff erent linker

NA Balloon expansion

ART 18AZ
(Arterial Remodelling 
Technology)

PDLLA NA 18 170 None NA None NA Balloon expansion

DREAMS-1
(Biotronik)

Magnesium alloy Sinusoidal 
out-of-phase 
hoop linked by 
straight bridges

9–12 120 
(rectangular)

Paclitaxel 
(0·07 μg/mm²)

PLGA (thickness, 
1 μm)

Degradable 
(3–4 months)

Balloon expansion

NA=not applicable. P(D)LLA=poly-(D)L-lactic acid. PLGA=polylactic-co-glycolic acid.

Table !: Bioresorbable sca! olds with ongoing or completed clinical trials
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rupture, beyond the culprit lesion.32–34 Moreover, aff ected 
individuals are at risk of recurrence, with events in more 
than half of patients related to plaque progression, 
rupture, or erosion of previously untreated lesions.35 In 
addition to autopsy reports, cross-sectional imaging of 
coronary arteries, using intravascular ultrasound and 
optical coherence tomography, has characterised lesions 
at risk for recurrent events as thin-cap fi broatheromas. 
Features include lipid-rich cores and a cap thickness of 
less than 65 µm, with a large plaque burden accom-
modated by unusual outward remodelling of the vessel, a 
small lumen area, or a combination of these.35,36

Mechanisms leading to thrombotic complications of 
atherosclerosis are related to infl ammation mediated by 
activated T cells and macrophages in the central lipid 
core and vessel intima and media.37 Release of interferon γ 
prevents collagen synthesis, a compound that is impor-
tant to maintain the integrity of the fi brous cap separating 
blood fl ow from the thrombogenic lipid core. Moreover, 
macrophages produce metalloproteinases—interstitial 
collagenases that accelerate the breakdown of collagen. 
The above processes form the conceptual framework 
linking infl ammation to superfi cial weaken ing of plaques 
by progressive thinning and eventually rupture. Findings 
of genome-wide association studies confi rm that the 
genetic basis of coronary artery disease is related to genes 
linked to lipid metabolism and infl ammation. Using 
intravascular ultrasound, low shear stress has been 
recognised as an independent predictor of plaque growth 
and thinning of the fi brous cap.38

Therapeutic strategies to prevent complications of 
atherosclerosis aim to reduce systemic and local 
infl ammation and to stabilise the fi brous cap surface. 
Beyond their lipid-lowering eff ect, it seems that statins 
decrease infl ammation, increase collagen of the fi brous 
cap, and shrink plaque size, eff ectively reducing the risk 
of ischaemic events.39–42 Additional systemic treatments 
include inhibitors of lipoprotein-associated phospho-
lipase and anti-infl ammatory drugs such as methotrexate, 
ciclosporin, and inhibitors of mammalian target of 
rapamycin (mTOR). Stent-based delivery of everolimus 
promotes macrophage autophagy in rabbit atherosclerotic 
plaques.43 As such, interest is growing to promote 
stabilisation of vulnerable plaques within bioresorbable 
vascular scaff olds that release mTOR inhibitors and, on 
complete resorption, induce positive vessel remodel ling 
with plaque regression, restoration of vasomotion, and 
fi brous cap thickening.29

Cardioprotection
Cardioprotection is a common term that includes drugs 
and devices used in the outpatient setting to reduce the 
risk of future cardiac events. Here, we defi ne cardio-
protection as interventions that are initiated in the fi rst 
minutes to hours after onset of symptoms to reduce at 
least one of the manifestations of STEMI—ST-elevation, 
arrhythmia, contractile dysfunction, microvascular 

dysfunction, scar volume, and troponin release. Further-
more, since these events are typically co dependent, 
consistency of eff ect should be seen. Ultimately, 
manifestations of STEMI lie on patho physiological 
pathways that lead to the clinically relevant endpoints of 
heart failure and death. However, because these events 
are relatively rare, use of surrogate endpoints in clinical 
trials is common.

Despite intensive basic and clinical research eff orts, 
only reperfusion is consistently cardioprotective. Unless 
there is substantial collateral fl ow, an area of myocardium 
is rendered ischaemic after coronary artery occlusion 
(fi gure 3). Early ischaemia manifests as a wall motion 
abnormality or oedema, which can be seen on MRI and 
SPECT. If the occlusion persists, infarction starts in the 
endocardial myocardium and progresses transmurally. 
Eventually, without reperfusion, ischaemic myocardium 
transforms irreversibly to infarction. Basic research 
almost four decades ago showed the time dependence of 
STEMI and laid the foundation for successful clinical 
trials of reperfusion.44,45 New cardioprotective strategies 
are needed to add benefi t to existing systems and devices 
designed to achieve rapid and complete reperfusion.

Cardioprotective interventions aim to reduce the 
amount of necrosis after myocardial ischaemia and reper-
fusion. However, in many animal models, putative cardio-
protective treatment is delivered before coronary artery 
occlu sion and continues throughout ischaemia and reper-
fusion. Thus, it is often unclear if benefi t results from 
protection during ischaemia, reperfusion, or a com bin-
ation of the two. Such discrimination is crucial in the 
clinical setting because reperfusion is achieved rapidly 
after fi rst contact with the patient and little opportunity 

Figure !: Relation between time to reperfusion and benefi t accrued
Heart cross-sections show the left ventricle at increasing durations of epicardial coronary artery occlusion. This idea 
of progressive necrosis is modelled on experimental data.44 The benefi t of reperfusion in terms of lives saved at 
35 days (solid line) is time-dependent and modelled on benefi t seen in patients randomised to thrombolysis versus 
placebo.45 In the fi rst hour after symptom onset, reperfusion signifi cantly reduces mortality. However, benefi t 
slows rapidly, possibly because of progressive infarction shown in the heart cross-sections. The relation between an 
e! ective cardioprotective intervention and reperfusion is depicted by the dotted line.
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exists for anti-ischaemic treatment. Although eff ective 
inter ventions to limit necro sis are available (eg, cardio-
plegia during cardiac surgery), achieving similarly consis-
tent protection at reperfusion is proving more diffi   cult, 
particularly in the setting of phase 3 clinical trials. Up to 

now, no cardioprotective interventions have been included 
in guidelines or clinical practice;46,47 however, several are 
currently under investigation (table 3).

Interruption of reperfusion with short periods of 
ischaemia is a cardioprotective intervention known as 

Intervention Target Patients (n) Outcome

Ion fl ux or metabolism

EMIP-FR Trimetazidine Glucose metabolism 19 725 No di! erence in mortality at 35 days

MAGIC Magnesium Membrane 
stabilisation

6213 No di! erence in mortality at 30 days

CHILL-MI Cooling to 35°C Metabolism 120 Percentage reduction in myocardial infarct size (as % of myocardium 
at risk), by MRI at 4 days

CREATE-ECLA Glucose, insulin, potassium Metabolism 20 201 No di! erence in mortality at 30 days

ESCAMI Eniporide Sodium 
accumulation

430 (stage 1);
959 (stage 2)

No di! erence in myocardial infarct size, by enzyme

Lonborg et al Exenatide by intravenous infusion for 6 h GLP1 receptor 107 Increase in myocardial salvage index at 90 days, by MRI

J-WIND-KTP Nicorandil bolus then 72 h infusion ATP-sensitive 
potassium channel

545 No di! erence in myocardial infarct size, by enzyme or 6 month 
left-ventricular ejection fraction

Infl ammation

APEX-MI Pexelizumab bolus then 24 h infusion Complement 5745 No di! erence in mortality at 30 days

FIRE FX06 boluses Infl ammation 232 No di! erence in myocardial infarct size, by MRI at 5 days or 4 months

Kinase signalling pathways

PROTECTION-AMI Delcasertib infusion for 24 h Protein kinase C 1083 No di! erence in myocardial infarct size

J-WIND-ANP Carperitide 72 h infusion Natriuretic peptide 
receptor

569 15% reduction in myocardial infarct size, by enzyme and 2·0% 
absolute increase in left-ventricular ejection fraction

HEBE-III Epoetin alfa Protective kinases 529 No di! erence in left-ventricular ejection fraction at 6 weeks or 
myocardial infarct size, by enzyme or troponin T

REVIVAL-3 Epoetin beta for 48 h Protective kinases 138 No di! erence in left-ventricular ejection fraction or myocardial infarct 
size at 6 months, by MRI

REVEAL Intravenous epoetin beta for 48 h Protective kinases 138 No di! erence in myocardial infarct size at 6 days or 3 months, by MRI

Hahn et al Oral atorvastatin before and after primary PCI Lipids and protective 
kinases

173 No di! erence in myocardial infarct size at 5–14 days, by SPECT

Preconditioning, post conditioning, remote conditioning

Lonborg et al Four 30 s intracoronary balloon occlusions Post conditioning 118 No di! erence in troponin T or left-ventricular ejection fraction; 
19% reduction in myocardial infarct size and 31% increase in salvage 
index, by MRI

POST Four 60 s intracoronary balloon occlusions Post conditioning 700 No di! erence in quality of reperfusion, by ST resolution or TIMI fl ow

Botker et al Four 5 min upper-limb ischaemia Remote conditioning 142 No di! erence in myocardial infarct size, by SPECT and troponin; 
increase in myocardial salvage index at 30 days, by MRI

Hyperoxia

AMIHOT I Intracoronary hyperbaric hyperoxaemic 
reperfusion for 90 min

.. 269 No di! erence in myocardial infarct size at 14 days, by SPECT

AMIHOT II Intracoronary hyperbaric hyperoxaemic 
reperfusion for 90 min

.. 281 Reduction in infarct size by SPECT (with prespecifi ed Bayesian pooling 
from AMIHOT I)

Notable forthcoming or ongoing studies

CIRCUS Ciclosporin .. 972 ..

CYCLE Ciclosporin .. 444 ..

EMBRACE Bendavia .. 200 ..

MitoCare TRO40303 .. 180 ..

DETO2X-AMI Oxygen .. 6600 ..

PRESERVATION 1 IK-5001 .. 306 ..

MVO Vasodilators .. 297 ..

GIPS-III Metformin .. 380 ..

NOMI Nitric oxide .. 230 ..

 References or NCT identifi ers of trials are provided in the appendix (pp 1–2). PCI=percutaneous coronary intervention. STEMI=ST-segment elevation myocardial infarction. TIMI=thrombolysis in myocardial infarction.

Table !: Cardioprotection trials of more than 100 STEMI patients

See Online for appendix
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post conditioning. Reperfusion can be accompanied by 
striking changes in oxygen tension, pH, and intra-
cellular distribution of Ca²+ and Na+. Thus, by gradation 
of reperfusion, necrosis might be diminished. Post 
conditioning periods of intermittent ischaemia can also 
be applied to tissue remote from the heart; fi ndings of 
intermittent upper-limb ischaemia, achieved with a 
simple blood pressure cuff , are encouraging.48 The 
intracellular process targeted largely by post 
conditioning is thought to be reduced opening of a 
non-specifi c mitochondrial channel known as the 
permeability pore. The proteins that form this pore are 
not known com pletely, but permeability can be reduced 
by ciclo sporin, which is also cardioprotective when 
admin istered at reperfusion.49 Ciclosporin and other 
drugs that alter mitochondrial pore permeability are 
under investigation in clinical trials (table 3).

Pressure-controlled intermittent coronary sinus occlu-
sion is a technique that perturbs coronary fl ow at reper-
fusion by intermittent occlusion of coronary venous 
drain age.50 An added benefi t could be preferen tial redistri-
bution of microcirculatory fl ow to vulnerable myo cardium 
surrounding the core area of necrosis. This inter vention 
uses a balloon-tipped catheter that is advanced into the 
coronary sinus via the venous circu lation, to intermittently 
increase coronary venous pressure.

Achieving patency of the epicardial coronary artery 
does not guarantee myocardial perfusion. Plaque 
material and thrombi can block the distal vasculature, 
and endothelial dysfunction, leucocyte plugs, and exter-
nal compression resulting from interstitial oedema and 
cardiac myocyte contraction can compromise the micro-
circulation. These processes cause inadequate perfusion 
of the myocardium despite coronary artery patency. 
Whether such low refl ow is a cause or a result of myo-
cardial infarction is debatable, but it can be seen on MRI 
(fi gure 4).51 Similarly, myocardial haemorrhage caused by 
complete disruption of the endothelial barrier can be 
visualised with T2 star-weighted cardiac MRI.51 These 
images assist measurement of myocardial scar forma-
tion by T1-weighted (late enhancement) imaging52 and 
help assess the eff ect of scarring on left-ventricular 

dimensions and contraction by cine MRI52 and echo-
cardiography. Advanced imaging techniques are used 
increasingly as surrogate endpoints in clinical trials 
of novel treatments because they provide additional 
mechanistic information (fi gure 5).53

Cardiac remodelling and regeneration
Reparative versus reactive fi brosis
Adverse left-ventricular remodelling of the infarct zone 
and circumferential residual viable myocardium leads to 
thinning and dilatation of the aff ected myocardial wall. 
Subsequent hypertrophic transformation of viable 
myocardium—due to increased volume load coupled 
with a proinfl ammatory cascade—leads to interstitial 
fi brosis and further dilatation of infarcted tissue.54,55 The 
balance between reparative and reactive fi brosis needs to 
be addressed. Reparative fi brosis maintains overall struc-
tural integrity of the infarcted myocardium and prevents 
left-ventricular rupture. Reactive fi brosis takes place 
away from the infarct zone and is characterised by 
increased myocardial stiff ness and arrhythmogenicity, 
evolving diastolic dysfunction, and heart failure.55 
Reactive fi brosis is especially rife in ischaemic cardio-
myopathy and novel treatments are needed.

In the EPHESUS trial,56 the benefi t of mineralocorticoid 
receptor blockade was noted 3–14 days after onset of acute 
myocardial infarction complicated by left-ven tricular 
systolic dysfunction. Findings from experimental models 
of either cardiomyocyte-specifi c mineralocorticoid receptor 
defi ciency or use of a mineralocorticoid receptor antagonist 
suggest substantial improvements in wound healing post 
infarct and virtual attenuation of adverse left-ventricular 
remodelling.57,58 Can immediate or early mineralocorticoid 
receptor blockade after acute myo cardial infarction blunt 
adverse left-ventricular remodel ling? The ALBATROSS 
trial (NCT01059136) aims to test superiority of mineralo-
corticoid receptor blockade with spironolactone initiated 
within 72 h of onset of acute myocardial infarction, 
compared with standard treatment alone. Similarly, the 
REMINDER trial (NCT01176968), is studying the eff ect of 
eplerenone administered within 24 h of acute myocardial 
infarction in patients without heart failure.

Figure !: Cardiac MRI in acute myocardial infarction
(A) T2-weighted image of oedema (arrow) after acute anterior myocardial infarction in a 47-year-old man. (B) In the same patient, T1-weighted image (late 
enhancement) showing the fi nal infarct (arrow). (C) T1-weighted image in a 62-year-old man with inferior infarction, showing infarcted tissue (white) with no refl ow 
in the centre (black; arrow).
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Targeted chronic pacing around the infarct, to attenuate 
left-ventricular remodelling, has also attracted attention. 
In the MENDMI study,59 patients who had anterior myo-
cardial infarction with an ejection fraction of 35% or 
less and wall-motion abnormalities in more than fi ve 
of 16 myocardial segments were randomised 2–14 days 
after the event to either control (implantable cardioverter 
defi brillator only) or biventricular pacing with peri-infarct 
left-ventricular lead placement (cardiac resynchronisation). 
The primary endpoint was change in left-ventricular 
end-diastolic volume, which did not diff er between groups 
at 12 months; neither did hospitalisations or mortality. 
However, a sustained reduction in wall motion abnorm-
alities was noted in the pacing group; overall, pre-excitation 
pacing was judged safe. Researchers in the PRomPT study 
(NCT01213251) are randomising patients recruited within 
10 days of acute myocardial infarction (all locations) to 
either single-site pacing (cardiac resynchronisation via 
left-ventricular lead), dual-site pacing (cardiac resynchro-
nisation via left-ventricular and right-ventricular leads), 
or no intervention at all. By contrast with MENDMI, 
PRomPT will include larger infarcts, with no ejection 
fraction limitation, and longer follow-up of 18 months.

Myocardial regeneration
On average the left ventricle consists of about 4 billion 
cardiomyocytes.60 After acute myocardial infarction, late 
heart failure develops when roughly 25% of the left 
ventricle dies and cardiogenic shock ensues when 40% of 
myocardium is aff ected.60 For functional recovery to be 
achieved after acute myocardial infarction, we need to 
replenish these lost cells on a purely numerical basis, 
maintain electrical synchronicity between new and old 
cells, and ensure mechanical integration for contractility. 

New cardiomyocytes can be sourced endogenously from 
within the heart or exogenously via delivery of autologous 
or allogeneic stem cells.61–65

Cardiac stem cells in the adult heart can replace 
myocytes lost naturally.66 The mechanics of this auto-
regeneration have fuelled research into the molecular 
switch that could start the regeneration process by 
promoting cell-cycle re-entry.

MicroRNAs (miRNAs) are a class of short 
(18–25 nucleotides) non-coding regulators of post-
transcriptional output that could be the triggers for 
cardiac regeneration (fi gure 6). These molecules bind 
directly to mRNA and could inhibit downstream trans-
lation into specifi c cellular proteins (ie, miRNA-guided 
RNA silencing).67 Several miRNAs have been implicated 
in ischaemia-reperfusion injury, angio genesis, and myo-
cardial remodelling.68–71 Two miRNAs have been isolated 
that could induce cell-cycle re-entry of adult murine 
cardiomyocytes ex vivo.72,73

The rate of myocardial auto-regeneration, and whether it 
can be suffi  cient to restore the number of cells lost after a 
large anterior myocardial infarction is unclear. Formation 
of scar tissue after acute myocardial infarction, rather than 
regeneration of healthy myo cardium, argues against 
adequate functional growth reserve. However, similar scar 
formation is associated with infarction of liver, bone 
marrow (eg, sickle-cell crises), kidney, and intestine, 
despite these organs being highly regenera tive.61,62 Reports 
are confl icting regarding the prevalence of myocyte mitosis 
and about whether quiescent cells at the border of, and 
distant from, the infarct can be coerced into bolstering 
ventricular mass and performance.66,74–76 Methods to 
quantify myocyte division need testing, yet this idea 
provides a glimpse to the future of STEMI management.63

Figure !: Assessment of fi nal infarct size in a patient with previous anteroseptal myocardial infarction
(A) Echocardiography strain map; pink area with strain values around !8 represent infarcted area (normal strain values !16 to !20). (B, C) T1-weighted cardiac MRI 
and late enhancement showing the infarcted area (white; arrows). (D, E) SPECT perfusion imaging shows absence of tracer uptake (technetium-99m tetrofosmin) in 
the infarcted area (arrows).
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Cardiac stem cells
Autologous mononuclear bone marrow-derived stem 
cells were used for management of ischaemic heart 
failure after acute myocardial infarction more than a 
decade ago.77,78 Since then, despite only modest gains in 
left-ventricular ejection fraction and other functional 
measures of left-ventricular remodelling,64,79 exogenous 

delivery of stem and progenitor cells from various 
sources80–86 to injured myocardium for cardiac repair has 
expanded. Research is needed into the best route of cell 
delivery (intracoronary vs endocardial intra myocardial 
vs epicardial intramyocardial), standard isation of cell-
preparation techniques, and the amount of cells needed 
to propagate optimum regeneration (fi gure 7).

Figure !: Stem cell delivery to the heart

Intravenous
Rendered virtually obsolete because 
only a small proportion of injected 
cells will reach the infarcted region. 
Several circulation passages are 
needed to allow su!cient contact 
between infused cells and the 
infarct-related artery

Intracoronary
Done after revascularisation of the infarct-related artery, 
allowing infused stem cells contact with infarct and
peri-infarct tissue. The high-pressure infusion is done in 
conjunction with ischaemic preconditioning, which is elicited 
through inflation of a balloon catheter within the 
infarct-related artery

Endocardial intramyocardial
A transendocardial catheter is directed across 
the aortic valve towards the target area. 
Orientation by electromechanical mapping can 
be challenging, leading to incorrect injection 
sites, and there is the risk of perforation, 
cardiac tamponade, and arrhythmias

Epicardial intramyocardial
Stem cells are injected directly into well-exposed 
ischaemic areas perioperatively during bypass grafting 
under direct vision

Retrograde venous
Undertaken via the coronary sinus

Figure ": microRNA biogenesis pathway
Transcription of the microRNA (miRNA) gene is mediated by RNA polymerase II (RNA pol II), which generates the primary transcript (pri-pre-miRNA). The 
microprocessor complex (Drosha DGCR8) crops the primary transcript to a pre-miRNA of about 70 nucleotides. A signature motif on the pre-miRNA is recognised by 
exportin 5 (and its cofactor Ran-GTP), subsequently forming a transport complex that extrudes the pre-miRNA from the nucleus. The miRNA is further processed to a 
duplex. Cleavage occurs, with one strand becoming the mature miRNA that is incorporated into the RNA-induced silencing complex (RISC; Ago 1 and Ago 2 are catalytic 
components of RISC). miRNA and its complementary mRNA target interact, resulting in either translational repression, RNA interference or degradation, or adenylation, 
depending on the degree of matching achieved between base pairs. The remaining miRNA strand can degrade, although it has innate potential to function.
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Embryonic stem cells have the greatest potential for 
diff erentiation into cardiomyocytes, vascular endothelial 
cells, and smooth muscle cells. However, the risks of 
teratoma formation and immunogenicity, and lingering 
ethical concerns, have hampered use of these cells in 
clinical trials.55 Induced pluripotent stem cells—diff er-
entiated from autologous adult somatic cells such as 
dermal fi broblasts—can be reprogrammed into a 
pluripotent state by forced transduction of up to four 
defi ned transcription factors.87 Induced pluripotent stem 
cells can then undergo directed diff erentiation into the 
three cellular components of the heart, without the ethical 
issues linked with embryonic stem cells.62 Viral delivery of 
reprogramming factors, which heightened the risk of 
neoplastic transformation, has been replaced by non-viral 
alternatives; thus, induced pluripotent stem cells could 
represent the future of cardiac regeneration. Synergistic 
novel techniques such as cell priming, tissue engineering, 
and bionanotech nology are in development.55,62

Preliminary results have shown effi  cacy (augmentation 
of left-ventricular ejection fraction and reduction of infarct 
area) and safety of autologous intracoronary infusion of 
cardiac stem cells applied a mean 113 days after coronary-
artery bypass grafting for ischaemic cardiomyopathy.88 
Similarly, an infusion of autologous cardiosphere-derived 
cells via the infarct-related artery after acute myocardial 
infarction was judged safe and eff ective, with recorded 
reductions in scar mass and increased measures of left-
ventricular contractility.89 Several clinical trials of stem 

cell-instigated cardiac regeneration after acute myocardial 
infarction are in progress (table 4).

Conclusions
Treatments for STEMI continue to evolve in several areas, 
not least in the development of cardioprotective drugs. 
However, the most rapid changes have been seen in 
hardware used to achieve and maintain mechanical reper-
fusion and in organisational struc tures to promote 
patients’ awareness of symptoms and to facilitate their 
transfer to hospital. Although cell-based treatments 
remain an active area of preclinical and early clinical 
research, they will not aff ect routine care in the near future.
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 Stem-cell type Route of application Time of application Study type Primary outcome 
measure(s)

Estimated 
enrolment

Estimated study 
completion date

COAT
(NCT01625949)

Autologous 
mononuclear bone 
marrow cells

Intracoronary via 
infarct-related artery

During percutaneous coronary 
intervention of totally occluded 
infarct-related artery 24 h after and 
6 months before acute myocardial 
infarction

Randomised, 
open label

Changes in left-ventricular 
function and myocardial 
viability at 3 months

40 June, 2014

ESTIMATION
(NCT01394432)

Autologous 
mesenchymal stem 
cells

NA 7–10 days after percutaneous coronary 
intervention for thrombolysed acute 
myocardial infarction

Randomised, 
double-blind

Reduction in left-ventricular 
systolic volume at 12 months

50 November, 2013

AMICI
(NCT01781390)

Mesenchymal 
precursor cells

Intracoronary via 
infarct-related artery

During percutaneous coronary 
intervention of infarct-related artery 
2–12 h from symptom onset

Randomised, 
double-blind

Frequency of MACCE at 
24 months

225 June, 2016

R!ACE
(NCT01414452)

Endothelial 
progenitor cells

NA Within 90 min of primary percutaneous 
coronary intervention

Observational, 
cohort

Extent of ST-segment 
resolution at 90 min

250 December, 2013

PreSERVE-AMI
(NCT01495364)

Autologous bone 
marrow-derived 
CD34+ selected cells

Intracoronary Within 3 days of admission with STEMI Randomised, 
double-blind

Safety and e" ect of stem-cell 
therapy on myocardial 
perfusion at 6 months

160 June, 2016

SELECT-AMI
(NCT00529932)

Autologous bone 
marrow-derived 
progenitor cells

Intracoronary During primary percutaneous coronary 
intervention for acute STEMI 2–24 h after 
onset of chest pain

Randomised, 
double-blind

Atherosclerotic burden 
around stent at 6 months; 
thickening of non-viable 
left-ventricular wall 
segments at 
6 and 24 months

60 December, 2013

ADVANCE 
(NCT01216995)

Adipose-derived 
regenerative cells

Intracoronary NA Randomised, 
double-blind

Reduction in infarct size at 
6 months

216 September, 2017

MACCE=major adverse cardiac and cerebrovascular event. STEMI=ST-segment elevation myocardial infarction. NA=not available.

Table !: Trials of stem cells in acute myocardial infarction that are actively recruiting patients
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