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Introduction

Reperfusion injury is the damage caused by inflammation, 
oxidative injury and electronic imbalance as a result of the 
return of blood flow to previously ischaemic tissue. 
Reperfusion of ischaemic myocardial tissue by thromboly-
sis or percutaneous coronary intervention (PCI) is essential 
effectively to reduce infarct size and increase clinical out-
comes in patients presenting with acute myocardial infarc-
tion (AMI). However restoration of oxygenated blood flow 
also induces reperfusion injury.1 Lethal reperfusion injury 
is defined as myocardial cell damage and/or death occur-
ring as a result of the reperfusion of ischaemic but still 
viable cells. Clinical characteristics include an increase in 
chest pain and/or ST elevation, and a secondary plasma 
enzyme level rise after revascularisation.2 Reperfusion can 
be accompanied by a high density of ventricular arrhyth-
mias, typically consisting of ventricular premature beats 
with long coupling intervals and accelerated idioventricular 
rhythms typically starting within the first 20 minutes of 
reperfusion (Figure 1).3 In the thrombolytic era, without the 
support of angiographic imaging these arrhythmias were 

considered a beneficial sign, i.e. reopening of the infarct 
vessel by solution of the occluding clot. With the advent of 
PCI of the culprit coronary vessel it was found that ven-
tricular reperfusion arrhythmias were associated with 
increased infarct size and decreased ventricular functioning 
despite optimal epicardial and microvascular flow and 
equal area at risk.3–9

These findings suggest that the pathophysiological 
mechanisms of lethal reperfusion injury at the cellular level 
and reperfusion arrhythmias are intertwined. This review 
will focus on the pathophysiological mechanisms behind 
these occurrences and the clinical implications.
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Abstract
Reperfusion does not only salvage ischaemic myocardium but can also cause additional cell death which is called lethal 
reperfusion injury. The time of reperfusion is often accompanied by ventricular arrhythmias, i.e. reperfusion arrhythmias. 
While both conditions are seen as separate processes, recent research has shown that reperfusion arrhythmias are 
related to larger infarct size. The pathophysiology of fatal reperfusion injury revolves around intracellular calcium 
overload and reactive oxidative species inducing apoptosis by opening of the mitochondrial protein transition pore. 
The pathophysiological basis for reperfusion arrhythmias is the same intracellular calcium overload as that causing fatal 
reperfusion injury. Therefore both conditions should not be seen as separate entities but as one and the same process 
resulting in two different visible effects. Reperfusion arrhythmias could therefore be seen as a potential marker for fatal 
reperfusion injury.
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Myocellular death in ischaemic 
heart disease

Cell death in the setting of AMI and reperfusion can occur 
as a result of three different mechanisms. First because of 
ischaemia-induced necrosis after an extended time of 
ischaemia; furthermore, because of microvascular obstruc-
tion (MVO) occurring after epicardial reperfusion or third 
as a result of injury caused by reperfusion of ischaemic but 
viable myocardium, i.e. lethal reperfusion injury.1,10–15 For 
the purpose of this review we will focus on lethal reperfu-
sion injury but also give a short overview of the changes 
during ischaemia and the pathophysiology of MVO.

Ischaemic changes

In the first 10 seconds of ischaemia oxyhaemoglobin is 
exhausted and aerobic metabolism ceases (Figure 2).16,17 
After 15–20 seconds anaerobic glycolysis supervenes as 

the only source of high energy phosphate. At the same 
time the formation of nicotinamide adenine dinucleotide, 
reduced form 2 (NADH2) is favoured above nicotina-
mide adenine dinucleotide (NAD) formation and extra-
cellular potassium concentrations start to rise, inducing 
arrhythmias.16–19 After 60–90 seconds the glycolysis starts 
to slow markedly because of the sarcosplasmic NADH2/
NAD ratio and low pH. At this time the majority of availa-
ble adenosine triphosphate (ATP) is used for mitochondrial 
ATPase and myocardial contraction ceases.15,20–22 As 
ischaemia persists for 10–15 minutes, sodium/potassium 
(Na/K) ATPase activity causes a slight decrease in intracel-
lular sodium while anaerobic glycolysis causes the forma-
tion of xanthine and hypoxanthine and pH lowering below 
6 due to the intracellular rise in lactate and H+23. After 
20–40 minutes of ischaemia myocytes reach the last phase 
of reversible injury characterised by glycogen depletion, 
swelling of mitochondria, and further a rise in intracellular 
sodium and calcium.16–18,20–24

Figure 1. Three-dimensional graphic output from 12-lead digital ECG monitor (NEMON 180+, NorthEast Monitoring, Inc.), 
showing ST-segment level (mm) (y axis) for all 12 leads (z axis) with respect to time (x axis) in a study subject with anterior ST-
segment elevation myocardial infarction treated with primary percutaneous coronary intervantion presented as abrupt ST-segment 
resolution anterior myocardial wall leads V2–V6; V4 is the peak ST lead. The three upper panels show representative 12-lead ECGs 
with resolving ST-elevation, best seen in lead V4. The substantial data gap in the graphic at the time of ST-elevation resolution was 
caused by a sudden increase (‘bursts’) of ventricular arrhythmias from which ST-segment levels were excluded for graphic three-
dimensional continuous ST-segment recovery visualisation (from Majidi et al.)3
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Necrosis will extend from endocardium to epicardium in 
a wavefront manner finally causing transmural necrosis the 
longer ischaemia persists.25,26

Microvascular obstruction

MVO is caused by two different processes, first by obstruc-
tion of the microvasculature by micro particles coming 
from the atherosclerotic plaque at the obstruction site that 
can become detached during PCI.27

The second process involves cellular changes at the 
microvascular and myocellular level and is induced by 
the local ischaemia followed by reperfusion process 
(Figure 3(a)). Experimental research in rabbits has shown 
that expansion of MVO occurs during the first 8 hours after 
reperfusion with almost a tripling between 2 and 120 minutes 
after reperfusion.28–30 MVO due to cellular changes induced 
by reperfusion can cause luminal obstruction either from 
internal or by external compression of the capillaries.14,31,32 
The internal obstruction is related to processes such as 
oedema of the endothelium and leukocyte plugging. 
External compression is caused by swelling of myocytes, 
interstitial oedema and haemorrhage. The latter is caused 

by leakage of ischaemic injured capillary walls, while myo-
cyte swelling is related to potassium efflux aggravated by 
reperfusion. Ischaemia followed by reperfusion also acti-
vates inflammation. Endothelial oedema is not the only 
result of inflammation that incites MVO. Damage associ-
ated molecular pattern molecules, produced as a result of 
necrosis, enter the circulation upon reperfusion and activate 
Toll-like receptors which in turn produce cytokines (inter-
leukin (IL)-1, IL-6 and tumour necrosis factor alpha) 
causing IL-8 production and neutrophil accumulation 
(Figure 3(b)).31,33–37 At the same time accumulation of neu-
trophils is triggered by reactive oxygen species (ROS).15,32 
IL-8 causes vasoconstriction by a decrease of nitric oxide, 
damage of β-adrenergic receptors and prostacyclin produc-
tion. Vasoconstriction is further amplified by the produc-
tion of platelet-activating factor by neutrophils and IL-8 
that activates thromboxane A2.15,37,38 This decrease in blood 
flow will aid the luminal obstruction of vessels by neutro-
phil plugging or thrombus formation by platelet-activating 
factor and complement activation.

Reperfusion at the myocellular 
level

Irreversible myocellular injury during reperfusion induces 
necrosis and apoptosis, the latter being an ATP dependent 
process that cannot occur during ischaemia. The patho-
physiology behind reperfusion injury is roughly based on 
three mutually interfering mechanisms. These mechanisms 
include intracellular calcium overload, the production of 
ROS and neutrophil accumulation (Figure 4(a)).

Intracellular calcium overload

Reperfusion of previous ischaemic tissue causes a wash out 
of extracellular electrolytes and leads to correction of intra-
cellular acidosis with the help of the H+/Na+ exchanger, 
resulting in an increased intracellular sodium concentra-
tion. Due to the still present shortage of ATP, correction of 
the intracellular sodium concentration using Na+/K+ 
ATPase is deficient and is taken over by the reversed Na+/
Ca2+ exchanger causing an intracellular calcium overload 
while enhancing potassium efflux.1,14,39 Alongside the 
correction of acidosis, reperfusion enhances intracellular 
calcium overload by activation of the renin–angiotensin 
system that triggers angiotensin II release, which, in com-
bination with the catecholamines released during ischae-
mia and reperfusion, induces further intracellular calcium 
release.33,40 Moreover, the reperfusion-initiated production 
of ROS increases calcium overload directly by damaging 
the sarcoplasmic reticulum. Finally, the interaction of ROS 
with free fatty acids leads to alpha-1 adrenergic receptor 
stimulation, which causes calcium overload by interaction 
with catecholamines.1,39,41

Figure 2. Schematic representation of the sequence of events 
following the onset of ischaemia.
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ROS production

Under normal circumstances ROS are only produced in 
small amounts, being immediately eradicated. However, 
large amounts are produced under stressful circumstances, 
such as after myocardial ischaemia.15 Throughout ischae-
mia xanthine oxidase and hypoxanthine are formed, and on 
reperfusion oxygen starts to interact with xanthine oxidase 
and hypoxanthine producing ROS.1,42–44 Furthermore, 
ROS formation is also stimulated by intracellular Ca2+ 
overload and catecholamines.45 Moreover, the activation 
of the mitochondrial benzodiazepine receptor by ROS acti-
vates the inner membrane ion channel stimulating ROS 
formation, known as ROS-induced ROS formation.46 
Finally, neutrophils at the site of reperfusion are a major 
source of ROS, directly and through leukocyte-mediated 

activation of nicotinamide adenine dinucleotide phos-
phate, reduced form (NADPH) oxidase.1

Neutrophil accumulation

Neutrophils are present around the border of ischaemic tis-
sue. Reperfusion enables neutrophils to infiltrate the area at 
risk. Neutrophil accumulation in non-reperfused myocar-
dium is associated with slow infiltration into the area at risk 
in the first 12–24 hours of ischaemia and reaching peak con-
centrations after 2–4 days and mainly present around the 
border zone of the infarct.47 However, neutrophil accumula-
tion is accelerated and increased in reperfused myocardium 
although still occurring later than ROS formation and intra-
cellular calcium overload, with higher concentrations found 
in the subendocardium compared to the subepicardium.35 

Figure 3. (a) Schematic representation of pathophysiological mechanisms that may contribute to reperfusion no reflow in the 
setting of primary angioplasty for acute myocardial infarction. The vasculature within the necrotic zone is subjected to additional 
injury after reperfusion. Microvascular spasm and plugging, intravascular thrombus, endothelial swelling and capillary compression by 
oedema within the adjacent myocardial tissue may lead to microvascular obstruction (MVO). Angioplasty-induced distal coronary 
embolisation of plaque and thrombus may compound the vascular obstruction. An inflammatory response may exacerbate this 
process, which leads to further myocardial ischaemia and cell death. Right: Interventional no reflow after non-infarct angioplasty 
is induced by distal coronary embolisation of plaque components. Mechanical obstruction of the microvasculature may be 
accompanied by an inflammatory vascular response that leads to vascular spasm. These mechanisms result in myocardial ischaemia 
and cell death.27 (b) Schematic changes of MVO induced by reperfusion.
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Neutrophils are activated by cytokines and ROS. The 
inflammatory response triggered by the activation and pres-
ence of neutrophils directly activates apoptosis, increasing 
final infarct size.

Opening mitochondrial permeability 
transition pore

It has been found that one of the most important key 
stones in lethal reperfusion injury is the opening of the 

mitochondrial permeability transition pore (mPTP), the lat-
ter being due to large amounts of ROS and intracellular cal-
cium overload.1,39,41,43–46 The mPTP is located in the inner 
membrane of mitochondria. The slight increase in intracel-
lular calcium and ROS during ischaemia is not enough to 
open the pore because of the inhibitory effect acidosis has 
on the pore. After reperfusion, acidosis is resolved and con-
centrations of ROS and intracellular calcium increase caus-
ing opening of the mPTP. Indirectly ROS causes opening of 
the mPTP by activation of the inner membrane ion channel 

Figure 4. (a) Schematic changes of lethal reperfusion injury and relation with reperfusion arrhythmias (see text for explanation). 
(b) Locations where trials have tried to prevent lethal reperfusion injury (see text for explanation).
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and by the induced collapse of mitochondrial membrane 
potential.14,48 Besides their stimulatory function in the pro-
duction of ROS and intracellular calcium, catecholamines 
also promote mPTP opening.

The opening of the mPTP causes a decrease in pH, and 
increases intracellular calcium overload and ROS produc-
tion (ROS-induced ROS production). mPTP opening 
causes the influx of other molecules inducing an increase in 
osmotic load, with mitochondrial swelling as result in addi-
tion to the increase in ROS and intracellular calcium. The 
swelling eventually causes the mitochondria to rupture and 
apoptotic proteins to be released. Cytochrome C released 
by mPTP opening activates the caspase cascade inducing 
apoptosis.49 Furthermore, mPTP opening and intracellular 
calcium overload induce the uncoupling of oxidative phos-
phorylation. Uncoupling of oxidative phosphorylation trig-
gers apoptosis by ATP hydrolyses leading to activation of 
degradative enzymes.50

Finally, intracellular calcium overload can cause myo-
cyte hypercontracture. Excessive hypercontracture can 
cause myocytes to tear away from tight intercellular junc-
tions during hypercontracture, damaging the sarcolemmal 
of adjacent cells and can cause damage to cytoskeletal ele-
ments resulting in apoptosis. This manifests on histological 
examination as contraction band necrosis.51

Reperfusion arrhythmias

Clinically, reperfusion arrhythmias consist of ventricular 
arrhythmias, ranging from premature ventricular complexes 
to ventricular fibrillation but mainly consist of accelerated 
idioventricular rhythms. These arrhythmias have a con-
figuration consistent with an origin from the ischaemic 
(reperfused) area. While first thought of as a beneficial 
sign, i.e. reopening of the infarct vessel, more recent stud-
ies have shown that reperfusion without arrhythmias 
resulted in smaller infarcts in spite of equal initial areas at 
risk.3–8

Pathophysiological mechanisms underlying 
reperfusion arrhythmias

The pathophysiological process behind reperfusion arrhyth-
mias is not yet fully understood, but some relevant pro-
cesses are known.

Delayed afterdepolarisations (DADs) are likely the most 
common electrophysiological cause of reperfusion arrhyth-
mias. DADs are oscillations of the membrane potential, 
occurring after complete repolarisation of the preceding 
action potential. As is also the case in other pathologies, 
DADs after reperfusion are caused by intracellular calcium 
overload and are further amplified by calcium release by 
the sarcoplasmic reticulum upon the inflow of calcium into 
the cell.44,52–54 When the threshold is reached for the depo-
larising current, a spontaneous action potential will occur. 

This action potential can again induce an afterpotential 
resulting in self-sustaining rhythmic activity. Accelerated 
idioventricular rhythms have features consistent with the 
behaviour of DAD-related rhythms.42,55–57

In addition, intracellular calcium overload can cause 
reperfusion arrhythmias by uncoupling of oxidative phos-
phorylation, as described above.41,44,58 Uncoupling of oxi-
dative phosphorylation results in reduced concentrations of 
ATP, inducing shortening of action potential by the closure 
of K+ATP channels.48,59

Correlation between fatal 
reperfusion injury and reperfusion 
arrhythmias

The pathophysiology of reperfusion arrhythmias has not 
yet been described in detail. The above described patho-
physiology shows a process in which intracellular calcium 
overload is in the centre of triggering reperfusion arrhyth-
mias. At the same time intracellular calcium overload is 
also a key component for inducing cell death in fatal reper-
fusion injury. It is therefore likely that reperfusion arrhyth-
mias and fatal reperfusion injury are not two independent 
processes but two different outcomes of one and the same 
process, as is shown in Figure 2(a). Consequently, reperfu-
sion arrhythmias can be seen and used as a marker of lethal 
reperfusion injury.

This connection is supported by previous findings by 
our group.3–9 We found, in several independent cohorts, the 
presence of a ‘burst’ of ventricular reperfusion arrhythmias 
(VA burst) to be related to clinically significant larger 
infarct size. This increase remained while correcting for 
other known factors of increased infarct size. In the pres-
ence of optimal epicardial and microvascular reperfusion 
the significant difference persisted. We tested whether VA 
burst was related to a larger area at risk but no relation was 
found.

Reperfusion arrhythmias as an electrobiomarker of rep-
erfusion injury are rarely reported in clinical trials focusing 
on infarct size-reducing strategies. The above-mentioned 
pathophysiology and our clinical observations suggest that 
they could be an important early and unique marker for rep-
erfusion injury. As such, reperfusion arrhythmias could 
become an early marker for risk stratification and for strate-
gies to reduce reperfusion injury.

Treatment

Treatment of reperfusion injury

Prompt restoration of blood flow to the ischaemic tissue is 
essential for optimal salvage and to reduce mortality and 
morbidity in patients presenting with AMI. However, this 
does not prevent lethal reperfusion injury that can consist 
of up to 50% of final infarct size.14 To prevent and reduce 
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reperfusion injury, knowledge regarding its pathophysiol-
ogy is essential. Various treatments have been tested and 
although different in site of action most of them have one 
common feature: although promising in preclinical trials, 
phase II and III clinical trials have rarely been shown to be 
successful. A number of reviews have recently been pub-
lished in which the various recent trials and controversies 
are discussed.10,13,14,60–62 Figure 4(b) illustrates the different 
points of action of potential treatment options and how they 
fit into the pathophysiological mechanism of reperfusion 
injury. Above we described the pathophysiological relation 
between lethal reperfusion injury and reperfusion arrhyth-
mias. However, most studies only focused on limiting the 
final infarct size without taking into account the all or no 
presence of reperfusion injury. The occurrence of ventricu-
lar arrhythmias were not reported in the majority of trials, 
although those that did showed a reduction in arrhythmias 
when the final infarct size was reduced.33,36,42,53,63–69

Reduction of intracellular calcium overload has been 
an important focus in the prevention of reperfusion injury. 
Animal trials exist for fast Na+/H+ inhibitors, sodium-
channel inhibitors, Na+/Ca2+ inhibitors, calcium antago-
nists, N-methyl-d-aspartate antagonists and angio- 
tensin-converting enzyme inhibitors.33,40,42,52,63,70–74 Most 
have been carried out in rats, although also rabbits, dogs, 
guinea pig and swine models have been used. The drugs 
used reduced the incidence of ventricular premature beats, 
ventricular tachycardia, and/or ventricular fibrillation 
while at the same time reducing infarct size. In most trials, 
drugs were administered before the induction of ischae-
mia. If administered during ischaemia, treatments were 
less effective if effective at all for both arrhythmias and 
infarct size.

Another important factor in reperfusion injury is the 
production of ROS. Administration of ROS scavengers has 
been shown to reduce ventricular fibrillation and infarct 
size in rats and in some cases even ventricular tachycardia 
and mortality.66,67,71,75,76 However, in all studies drug 
administration was carried out before ischaemia induction 
and the application of ROS scavengers in phase II and III 
trials did not reduce infarct size.

As discussed above, opening of the mPTP is a key com-
ponent in reperfusion injury and is induced by intracellular 
calcium overload and ROS. Blockage of this pore by 
cyclosporine A, a strong mPTP inhibitor, reduced infarct 
size in animal studies. Also in a recent human pilot clinical 
trial it has been shown to reduce infarct size by 40% com-
pared to control patients.77 However, the larger CIRCUS 
trial found no significant reduction in infarct size.78,79 
None of these trials reported the incidence of reperfusion 
arrhythmias; therefore the percentage of cases with reper-
fusion injury, possibly profiting from the intervention, was 
not known.

In addition beta-blockers have been used to reduce 
reperfusion injury, but results have been conflicting. This 

could have been due to different factors, which were exten-
sively discussed in recent reviews.80,81 Both trials only 
focused on ventricular fibrillation and none on the inci-
dence of reperfusion arrhythmias.

Pre, per and postconditioning

Pre, per and postconditioning comprise a particular niche in 
the prevention and treatment of reperfusion injury, because 
these interventions were not only beneficial in animal stud-
ies but also in human trials.62,82–85 Preconditioning involves 
the administration of short periods of ischaemia or other 
interventions to the heart preceding a longer period of 
ischaemia. Indeed, the action of preconditioning seems to 
be supported by the observation of smaller infarct size in 
patients with angina in the 24 hours preceding AMI, and 
has been shown to reduce morbidity and mortality after 
coronary artery bypass graft surgery.86–89

Its ‘anticipatory’ aspect allows possible application in 
patients receiving cardiopulmonary bypass surgery90 but 
clearly precludes AMI as an indication. The administration 
of short periods of ischaemia during or after ischaemia (peri 
and postconditioning) resulted in the same beneficial effects 
as preconditioning, with the advantage of being applicable 
in patients presenting with AMI. These interventions were 
applied mechanically by balloon re-inflation after balloon 
angioplasty, pharmacologically and by brief periods of ven-
tricular pacing.91 In addition, ‘remote conditioning’ has 
been studied: ischaemic stimuli applied to other parts of the 
human body, for example by brachialis compression by cuff 
inflation.92–95 Infarct size reduction reportedly was as high 
as 50% in animal studies.39,96–99 However, most clinical tri-
als have been neutral, currently preventing implementation 
into daily practice.100 The disappointing translation from 
experimental studies to clinical trials could be caused be 
a number of reasons and are thoroughly discussed by 
Heusch.62 Peri and postconditioning could be promising in 
humans, but conflicting results remain and the optimal pro-
tocol is still unknown. A different approach in translating 
the results of experimental studies in to clinical trials, as 
suggested by Heusch,62 might be a way to reduce current 
inconsistencies.

Possible explanations for failure of 
treatment in patients

As discussed before, numerous potential treatments have 
failed to be effective in patients presenting with AMI 
while being effective in animal studies. Multiple explana-
tions have been proposed, such as differences between 
animals and humans, duration of ischaemia and other var-
iabilities in the clinical setting, i.e. pharmacological inter-
vention only possible after the onset of ischaemia. Another 
important fact is that reperfusion injury cannot be 
explained as one simple mechanism but consists of 
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redundant mechanisms induced by a sudden change from 
ischaemic to reperfused tissue. Therefore, prevention of 
reperfusion injury is unlikely to be obtained by manipula-
tion of one single mechanism, and multiple pathways 
should be targeted simultaneously. Finally, for yet 
unknown reasons, reperfusion injury does not occur in 
every patient, leading to dilution of the treatment effect in 
clinical trials.

Conclusion

Reperfusion of ischaemic tissue is a double-edged sword 
by also causing additional damage to myocardial cells. The 
genesis of lethal reperfusion injury and reperfusion arrhyth-
mias concentrates around intracellular calcium overload for 
both events. This conformity in their pathological basis led 
us to conclude that reperfusion arrhythmias and fatal reper-
fusion injury should be considered to have the same under-
lying pathophysiology. Reperfusion arrhythmias can 
therefore be seen as a marker of fatal reperfusion injury 
instead of an independent entity.

Acknowledgements

The authors wish to thank the Hein Wellens Foundation for its 
support in this project.

Conflict of interest 

The authors declare that there is no conflict of interest.

Funding

This work was supported by funding from the Hein Wellens 
Foundation, Maastricht, The Netherlands.

References

 1. Yellon DM and Hausenloy DJ. Myocardial reperfusion 
injury. N Engl J Med 2007; 357: 1121–1135.

 2. Doevendans PA, Gorgels AP, van der Zee R, et al. 
Electrocardiographic diagnosis of reperfusion during throm-
bolytic therapy in acute myocardial infarction. Am J Cardiol 
1995; 75: 1206–1210.

 3. Majidi M, Kosinski AS, Al-Khatib SM, et al. Reperfusion 
ventricular arrhythmia ‘bursts’ in TIMI 3 flow restoration 
with primary angioplasty for anterior ST-elevation myo-
cardial infarction: a more precise definition of reperfusion 
arrhythmias. Europace 2008; 10: 988–997.

 4. Majidi M, Kosinski AS, Al-Khatib SM, et al. Reperfusion 
ventricular arrhythmia ‘bursts’ predict larger infarct size 
despite TIMI 3 flow restoration with primary angioplasty 
for anterior ST-elevation myocardial infarction. Eur Heart J 
2009; 30: 757–764.

 5. Majidi M, Kosinski AS, Al-Khatib SM, et al. Implications 
of ventricular arrhythmia “bursts” with normal epicar-
dial flow, myocardial blush, and ST-segment recovery in 
anterior ST-elevation myocardial infarction reperfusion: a 
biosignature of direct myocellular injury “downstream of 

downstream”. Eur Heart J Acute Cardiovasc Care 2015; 4: 
51–59.

 6. van der Weg K, Kuijt WJ, Bekkers SC, et al. Reperfusion 
ventricular arrhythmia bursts identify larger infarct size in 
spite of optimal epicardial and microvascular reperfusion 
using cardiac magnetic resonance imaging. Eur Heart J 
Acute Cardiovasc Care 2018; 3: 246–256.

 7. van der Weg K, Kuijt WJ, Tijssen JG, et al. Prospective eval-
uation of where reperfusion ventricular arrhythmia “bursts” 
fit into optimal reperfusion in STEMI. Int J Cardiol 2015; 
195: 136–142.

 8. van der Weg K, Majidi M, Haeck JD, et al. Ventricular 
arrhythmia burst is an independent indicator of larger infarct 
size even in optimal reperfusion in STEMI. J Electrocardiol 
2016; 49: 345–352.

 9. Engelen DJ, Gressin V, Krucoff MW, et al. Usefulness of 
frequent arrhythmias after epicardial recanalization in ante-
rior wall acute myocardial infarction as a marker of cellular 
injury leading to poor recovery of left ventricular function. 
Am J Cardiol 2003; 92: 1143–1149.

 10. Hausenloy DJ, Barrabes JA, Botker HE, et al. Ischaemic con-
ditioning and targeting reperfusion injury: a 30 year voyage 
of discovery. Basic Res Cardiol 2016; 111: 70.

 11. Hausenloy DJ and Yellon DM. Myocardial ischemia-
reperfusion injury: a neglected therapeutic target. J Clin 
Invest 2013; 123: 92–100.

 12. Hausenloy DJ and Yellon DM. Ischaemic conditioning and 
reperfusion injury. Nat Rev Cardiol 2016; 13: 193–209.

 13. Heusch G and Gersh BJ. The pathophysiology of acute myo-
cardial infarction and strategies of protection beyond reperfu-
sion: a continual challenge. Eur Heart J 2017; 38: 774–784.

 14. Ibanez B, Heusch G, Ovize M, et al. Evolving therapies for 
myocardial ischemia/reperfusion injury. J Am Coll Cardiol 
2015; 65: 1454–1471.

 15. Monassier JP. Reperfusion injury in acute myocardial infarc-
tion. From bench to cath lab. Part I: Basic considerations. 
Arch Cardiovasc Dis 2008; 101: 491–500.

 16. Jennings RB and Reimer KA. The cell biology of acute myo-
cardial ischemia. Annu Rev Med 1991; 42: 225–246.

 17. Jennings RB, Murry CE, Steenbergen C Jr, et al. Development 
of cell injury in sustained acute ischemia. Circulation 1990; 
82: II2–II12.

 18. Jennings RB, Murry C and Reimer KA. Myocardial effects 
of brief periods of ischemia followed by reperfusion. Adv 
Cardiol 1990; 37: 7–31.

 19. Klabunde RE. Cardiac electrophysiology: normal and 
ischemic ionic currents and the ECG. Adv Physiol Educ 
2017; 41: 29–37.

 20. Reimer KA, Jennings RB and Tatum AH. Pathobiology of 
acute myocardial ischemia: metabolic, functional and ultras-
tructural studies. Am J Cardiol 1983; 52: 72A–81A.

 21. Jennings RB, Schaper J, Hill ML, et al. Effect of reperfu-
sion late in the phase of reversible ischemic injury. Changes 
in cell volume, electrolytes, metabolites, and ultrastructure. 
Circ Res 1985; 56: 262–278.

 22. Jennings RB and Reimer KA. Acute myocardial ischemia: 
effects of reperfusion with arterial blood. Artif Cells Blood 
Substit Immobil Biotechnol 1994; 22: 253–278.

 23. Jennings RB and Reimer KA. Lethal myocardial ischemic 
injury. Am J Pathol 1981; 102: 241–255.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjacc/article/8/2/142/5923144 by U

niversiteit M
aastricht user on 21 D

ecem
ber 2021



150 European Heart Journal: Acute Cardiovascular Care 8(2)

 24. Reimer KA and Jennings RB. The changing anatomic refer-
ence base of evolving myocardial infarction. Underestimation 
of myocardial collateral blood flow and overestimation of 
experimental anatomic infarct size due to tissue edema, 
hemorrhage and acute inflammation. Circulation 1979; 60: 
866–876.

 25. Reimer KA and Jennings RB. The “wavefront phenomenon” 
of myocardial ischemic cell death. II. Transmural progres-
sion of necrosis within the framework of ischemic bed size 
(myocardium at risk) and collateral flow. Lab Invest 1979; 
40: 633–644.

 26. Reimer KA, Lowe JE, Rasmussen MM, et al. The wavefront 
phenomenon of ischemic cell death. 1. Myocardial infarct 
size vs duration of coronary occlusion in dogs. Circulation 
1977; 56: 786–794.

 27. Jaffe R, Charron T, Puley G, et al. Microvascular obstruction 
and the no-reflow phenomenon after percutaneous coronary 
intervention. Circulation 2008; 117: 3152–3156.

 28. Ambrosio G and Tritto I. Reperfusion injury: experimental 
evidence and clinical implications. Am Heart J 1999; 138: 
S69–S75.

 29. Rochitte CE, Lima JA, Bluemke DA, et al. Magnitude and 
time course of microvascular obstruction and tissue injury 
after acute myocardial infarction. Circulation 1998; 98: 
1006–1014.

 30. Reffelmann T, Hale SL, Li G, et al. Relationship between 
no reflow and infarct size as influenced by the duration of 
ischemia and reperfusion. Am J Physiol Heart Circ Physiol 
2002; 282: H766–H772.

 31. Basso C and Thiene G. The pathophysiology of myocardial 
reperfusion: a pathologist’s perspective. Heart 2006; 92: 
1559–1562.

 32. Williams FM. Neutrophils and myocardial reperfusion 
injury. Pharmacol Ther 1996; 72: 1–12.

 33. Moens AL, Claeys MJ, Timmermans JP, et al. Myocardial 
ischemia/reperfusion-injury, a clinical view on a complex 
pathophysiological process. Int J Cardiol 2005; 100: 179–
190.

 34. Arumugam TV, Okun E, Tang SC, et al. Toll-like receptors in 
ischemia–reperfusion injury. Shock 2009; 32: 4–16.

 35. Vinten-Johansen J. Involvement of neutrophils in the patho-
genesis of lethal myocardial reperfusion injury. Cardiovasc 
Res 2004; 61: 481–497.

 36. Murohara T, Kamijikkoku S and Honda T. Increased cir-
culating soluble intercellular adhesion molecule-1 in acute 
myocardial infarction: a possible predictor of reperfusion 
ventricular arrhythmias. Crit Care Med 2000; 28: 1861–1864.

 37. Heusch G. The coronary circulation as a target of cardiopro-
tection. Circ Res 2016; 118: 1643–1658.

 38. Qayumi AK, English JC, Godin DV, et al. The role of plate-
let-activating factor in regional myocardial ischemia–reper-
fusion injury. Ann Thorac Surg 1998; 65: 1690–1697.

 39. Cour M, Gomez L, Mewton N, et al. Postconditioning: from 
the bench to bedside. J Cardiovasc Pharmacol Ther 2011; 
16: 117–130.

 40. Yahiro E, Ideishi M, Wang LX, et al. Reperfusion-induced 
arrhythmias are suppressed by inhibition of the angiotensin 
II type 1 receptor. Cardiology 2003; 99: 61–67.

 41. Maxwell SR and Lip GY. Reperfusion injury: a review of 
the pathophysiology, clinical manifestations and therapeutic 
options. Int J Cardiol 1997; 58: 95–117.

 42. Lee BH, Yi KY, Lee S, et al. Effects of KR-32570, a new 
sodium hydrogen exchanger inhibitor, on myocardial infarc-
tion and arrhythmias induced by ischemia and reperfusion. 
Eur J Pharmacol 2005; 523: 101–108.

 43. Lucchesi BR. Myocardial ischemia, reperfusion and free 
radical injury. Am J Cardiol 1990; 65: 14I–23I.

 44. Jeroudi MO, Hartley CJ and Bolli R. Myocardial reperfusion 
injury: role of oxygen radicals and potential therapy with 
antioxidants. Am J Cardiol 1994; 73: 2B–7B.

 45. Manning AS. Reperfusion-induced arrhythmias: do free 
radicals play a critical role? Free Radic Biol Med 1988; 4: 
305–316.

 46. Biary N, Xie C, Kauffman J, et al. Biophysical properties and 
functional consequences of reactive oxygen species (ROS)-
induced ROS release in intact myocardium. J Physiol 2011; 
589: 5167–5179.

 47. Reimer KA, Murry CE and Richard VJ. The role of neutro-
phils and free radicals in the ischemic–reperfused heart: why 
the confusion and controversy? J Mol Cell Cardiol 1989; 21: 
1225–1239.

 48. Akar FG, Aon MA, Tomaselli GF, et al. The mitochondrial 
origin of postischemic arrhythmias. J Clin Invest 2005; 115: 
3527–3535.

 49. Hausenloy DJ and Yellon DM. New directions for protect-
ing the heart against ischaemia–reperfusion injury: target-
ing the Reperfusion Injury Salvage Kinase (RISK) pathway. 
Cardiovasc Res 2004; 61: 448–460.

 50. Buja LM. Myocardial ischemia and reperfusion injury. 
Cardiovasc Pathol 2005; 14: 170–175.

 51. Piper HM, Abdallah Y and Schafer C. The first minutes of 
reperfusion: a window of opportunity for cardioprotection. 
Cardiovasc Res 2004; 61: 365–371.

 52. Lu HR, Yang P, Remeysen P, et al. Ischemia/reperfusion-
induced arrhythmia in anaesthetized fats: a role of Na+ and 
Ca2+ influx. Eur J Pharmacol 1999; 365: 233–239.

 53. del Monte F, Lebeche D, Guerrero JL, et al. Abrogation of 
ventricular arrhythmias in a model of ischemia and reperfusion 
by targeting myocardial calcium cycling. Proc Natl Acad Sci 
USA 2004; 101: 5622–5627.

 54. Akar JG and Akar FG. Regulation of ion channels and 
arrhythmias in the ischemic heart. J Electrocardiol 2007; 40: 
S37–S41.

 55. Gorgels A, Vos MA, Brugada P, et al. The clinical relevance 
of abnormal automaticity and triggered activity. In: Cardiac 
arrhythmias: Where to go from here? Mount Kisco, NY: 
Futura Publishing Co., 1987, pp. 147–169.

 56. Ravingerova T, Slezak J, Tribulova N, et al. Free oxy-
gen radicals contribute to high incidence of reperfusion-
induced arrhythmias in isolated rat heart. Life Sci 1999; 65: 
1927–1930.

 57. Lakireddy V, Lakkireddy V, Bub G, et al. The kinetics of 
spontaneous calcium oscillations and arrhythmogenesis 
in the in vivo heart during ischemia/reperfusion. Heart 
Rhythm: the official journal of the Heart Rhythm Society 
2006; 3: 58–66.

 58. Aiello EA, Jabr RI and Cole WC. Arrhythmia and delayed 
recovery of cardiac action-potential during reperfusion after 
ischemia – role of oxygen radical-induced no-reflow phe-
nomenon. Circ Res 1995; 77: 153–162.

 59. Brown DA and O’Rourke B. Cardiac mitochondria and 
arrhythmias. Cardiovasc Res 2010; 88: 241–249.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjacc/article/8/2/142/5923144 by U

niversiteit M
aastricht user on 21 D

ecem
ber 2021



van der Weg et al. 151

 60. Bell RM, Botker HE, Carr RD, et al. 9th Hatter Biannual 
Meeting: position document on ischaemia/reperfusion injury, 
conditioning and the ten commandments of cardioprotection. 
Basic Res Cardiol 2016; 111: 41.

 61. Hausenloy DJ, Botker HE, Engstrom T, et al. Targeting rep-
erfusion injury in patients with ST-segment elevation myo-
cardial infarction: trials and tribulations. Eur Heart J 2017; 
38: 935–941.

 62. Heusch G. Critical issues for the translation of cardioprotec-
tion. Circ Res 2017; 120: 1477–1486.

 63. Walsh SK, Hepburn CY, Kane KA, et al. Acute administra-
tion of cannabidiol in vivo suppresses ischaemia-induced 
cardiac arrhythmias and reduces infarct size when given at 
reperfusion. Br J Pharmacol 2010; 160: 1234–1242.

 64. Cheng L, Ma S, Wei L-X, et al. Cardioprotective and anti-
arrhythmic effect of U50,488H in ischemia/reperfusion rat 
heart. Heart and Vessels 2007; 22: 335–344.

 65. Tsai CH, Su SF, Chou TF, et al. Differential effects of sar-
colemmal and mitochondrial K-ATP channels activated by 
17 beta-estradiol on reperfusion arrhythmias and infarct sizes 
in canine hearts. J Pharmacol Exp Therapeut 2002; 301: 
234–240.

 66. Das B, Sarkar C and Shankar PR. Pretreatment with sara-
fotoxin 6c prior to coronary occlusion protects against 
infarction and arrhythmias via cardiomyocyte mitochondrial 
K-ATP channel activation in the intact rabbit heart during 
ischemia/reperfusion. Cardiovasc Drugs Ther 2007; 21: 
243–251.

 67. Imani A, Faghihi M, Sadr SS, et al. Noradrenaline protects 
in vivo rat heart against infarction and ventricular arrhyth-
mias via nitric oxide and reactive oxygen species. J Surg Res 
2011; 169: 9–15.

 68. Niccoli G, Kharbanda RK, Crea F, et al. No-reflow: again 
prevention is better than treatment. Eur Heart J 2010; 31: 
2449–2455.

 69. Xiao Y-F, Sigg DC, Ujhelyi MR, et al. Pericardial delivery 
of omega-3 fatty acid: a novel approach to reducing myocar-
dial infarct sizes and arrhythmias. Am J Physiol-Heart Circ 
Physiol 2008; 294: H2212–H2218.

 70. Manning AS and Hearse DJ. Reperfusion-induced arrhyth-
mias: mechanisms and prevention. J Mol Cell Cardiol 1984; 
16: 497–518.

 71. Manning A, Bernier M, Crome R, et al. Reperfusion-induced 
arrhythmias: a study of the role of xanthine oxidase-derived 
free radicals in the rat heart. J Mol Cell Cardiol 1988; 20: 
35–45.

 72. Ozer MK, Sahna E, Birincioglu M, et al. Effects of captopril 
and losartan on myocardial ischemia–reperfusion induced 
arrhythmias and necrosis in rats. Pharmacol Res 2002; 45: 
257–263.

 73. van Gilst WH, de Graeff PA, Kingma JH, et al. Effects of 
diltiazem on reperfusion-induced arrhythmias in vitro and in 
vivo. J Mol Cell Cardiol 1986; 18: 1255–1266.

 74. Das B and Sarkar C. Is the sarcolemmal or mitochondrial 
K-ATP channel activation important in the antiarrhythmic 
and cardioprotective effects during acute ischemia/reperfu-
sion in the intact anesthetized rabbit model? Life Sci 2005; 
77: 1226–1248.

 75. Demiryurek AT, Cakici I, Wainwright CL, et al. Effects 
of free radical production and scavengers on occlusion–
reperfusion induced arrhythmias. Pharmacol Res 1998; 38: 
433–439.

 76. Matejikova J, Kucharska J, Pinterova M, et al. Protection 
against ischemia-induced ventricular arrhythmias and myo-
cardial dysfunction conferred by preconditioning in the rat 
heart: involvement of mitochondrial K(ATP) channels and 
reactive oxygen species. Physiol Res 2009; 58: 9–19.

 77. Piot C, Croisille P, Staat P, et al. Effect of cyclosporine on 
reperfusion injury in acute myocardial infarction. N Engl J 
Med 2008; 359: 473–481.

 78. Heusch G. CIRCUS: a kiss of death for cardioprotection? 
Cardiovasc Res 2015; 108: 215–216.

 79. Cung TT, Morel O, Cayla G, et al. Cyclosporine before PCI 
in patients with acute myocardial infarction. N Engl J Med 
2015; 373: 1021–1031.

 80. Ibanez B, Macaya C, Sanchez-Brunete V, et al. Effect of early 
metoprolol on infarct size in ST-segment-elevation myocardial 
infarction patients undergoing primary percutaneous coronary 
intervention: the Effect of Metoprolol in Cardioprotection 
During an Acute Myocardial Infarction (METOCARD-CNIC) 
trial. Circulation 2013; 128: 1495–1503.

 81. Chen ZM, Pan HC, Chen YP, et al. Early intravenous then 
oral metoprolol in 45,852 patients with acute myocardial 
infarction: randomised placebo-controlled trial. Lancet 
2005; 366: 1622–1632.

 82. Riha H, Neckar J, Papousek F, et al. Suppression of ischemic 
and reperfusion ventricular arrhythmias by inhalational anes-
thetic-induced preconditioning in the rat heart. Physiol Res 
2011; 60: 709–714.

 83. Miura T, Ishimoto R, Sakamoto J, et al. Suppression of rep-
erfusion arrhythmia by ischemic preconditioning in the rat 
– is it mediated by the adenosine receptor, prostaglandin, or 
bradykinin receptor. Basic Res Cardiol 1995; 90: 240–246.

 84. Kleinbongard P, Amanakis G, Skyschally A, et al. Reflection 
of cardioprotection by remote ischemic perconditioning 
in attenuated ST-segment elevation during ongoing coro-
nary occlusion in pigs: evidence for cardioprotection from 
ischemic injury. Circ Res 2018; 122: 1102–1108.

 85. Rossello X and Ibanez B. Infarct size reduction by targeting 
ischemic injury. Circ Res 2018; 122: 1041–1043.

 86. Kloner RA, Dow JS and Bhandari A. First direct comparison 
of the late sodium current blocker ranolazine to established 
antiarrhythmic agents in an ischemia/reperfusion model. J 
Cardiovasc Pharmacol Ther 2011; 16: 192–196.

 87. Napoli C, Liguori A, Chiariello M, et al. New-onset angina 
preceding acute myocardial infarction is associated with 
improved contractile recovery after thrombolysis. Eur Heart 
J 1998; 19: 411–419.

 88. Ottani F, Galvani M, Ferrini D, et al. Prodromal angina limits 
infarct size. A role for ischemic preconditioning. Circulation 
1995; 91: 291–297.

 89. Mewton N and Ovize M. Remote preconditioning and all-
cause mortality. Lancet 2013; 382: 579–580.

 90. Wu ZK, Iivainen T, Pehkonen E, et al. Ischemic precondi-
tioning suppresses ventricular tachyarrhythmias after myo-
cardial revascularization. Circulation 2002; 106: 3091–3096.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjacc/article/8/2/142/5923144 by U

niversiteit M
aastricht user on 21 D

ecem
ber 2021



152 European Heart Journal: Acute Cardiovascular Care 8(2)

 91. Waltenberger J, Gelissen M, Bekkers SC, et al. Clinical pac-
ing post-conditioning during revascularization after AMI. 
JACC Cardiovasc Imaging 2014; 7: 620–626.

 92. Sloth AD, Schmidt MR, Munk K, et al. Improved long-term 
clinical outcomes in patients with ST-elevation myocardial 
infarction undergoing remote ischaemic conditioning as an 
adjunct to primary percutaneous coronary intervention. Eur 
Heart J 2014; 35: 168–175.

 93. Botker HE, Kharbanda R, Schmidt MR, et al. Remote 
ischaemic conditioning before hospital admission, as a com-
plement to angioplasty, and effect on myocardial salvage in 
patients with acute myocardial infarction: a randomised trial. 
Lancet 2010; 375: 727–734.

 94. Le Page S, Bejan-Angoulvant T, Angoulvant D, et al. Remote 
ischemic conditioning and cardioprotection: a systematic 
review and meta-analysis of randomized clinical trials. Basic 
Res Cardiol 2015; 110: 11.

 95. Kleinbongard P, Skyschally A and Heusch G. Cardioprotection 
by remote ischemic conditioning and its signal transduction. 
Pflugers Arch 2017; 469: 159–181.

 96. Okamoto F, Allen BS, Buckberg GD, et al. Reperfusion 
conditions: importance of ensuring gentle versus sudden 
reperfusion during relief of coronary occlusion. J Thorac 
Cardiovasc Surg 1986; 92: 613–620.

 97. Heusch G. Postconditioning: old wine in a new bottle? J Am 
Coll Cardiol 2004; 44: 1111–1112.

 98. Staat P, Rioufol G, Piot C, et al. Postconditioning the human 
heart. Circulation 2005; 112: 2143–2148.

 99. Heusch G. Cardioprotection: chances and challenges of its 
translation to the clinic. Lancet 2013; 381: 166–175.

 100. Hahn JY, Song YB, Kim EK, et al. Ischemic postcondition-
ing during primary percutaneous coronary intervention: the 
effects of postconditioning on myocardial reperfusion in 
patients with ST-segment elevation myocardial infarction 
(POST) randomized trial. Circulation 2013; 128: 1889–1896.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjacc/article/8/2/142/5923144 by U

niversiteit M
aastricht user on 21 D

ecem
ber 2021


