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In contrast to ST-elevation myocardial infarction (STEMI), the aetiology of acute ischaemic stroke (AIS) is more heterogeneous. Undetermined aeti
ology refers to the group of patients in whom no single cause is identified. More rare causes of AIS are categorized as AIS of other determined  
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aetiologies (e.g. dissection, hypercoagulable state). Although both intravenous fibrinolysis and mechanical reperfusion strategies [primary percutan
eous coronary intervention (PCI) for STEMI and thrombectomy for AIS] are available for treatment of both STEMI and AIS, differences in patho
physiology (in part) explain disease-specific management with a predominant role of primary PCI in STEMI, in contrast to the persisting relevance of 
fibrinolysis in the majority of AIS patients who are not eligible for mechanical thrombectomy. Topics for future research should focus on ways to 
increase the number of treatment-eligible patients, increase the success of reperfusion treatment, and reduce complications after reperfusion 
treatment.

Abstract

Acute ST-elevation myocardial infarction (STEMI) and acute ischaemic stroke (AIS) share a number of similarities. However, important differences in 
pathophysiology demand a disease-tailored approach. In both conditions, fast treatment plays a crucial role as ischaemia and eventually infarction de
velop rapidly. Furthermore, in both fields, the introduction of fibrinolytic treatments historically preceded the implementation of endovascular tech
niques. However, in contrast to STEMI, only a minority of AIS patients will eventually be considered eligible for reperfusion treatment. Non-invasive 
cerebral imaging always precedes cerebral angiography and thrombectomy, whereas coronary angiography is not routinely preceded by non-invasive 
cardiac imaging in patients with STEMI. In the late or unknown time window, the presence of specific patterns on brain imaging may help identify AIS 
patients who benefit most from reperfusion treatment. For STEMI, a uniform time window for reperfusion up to 12 h after symptom onset, based on 
old placebo-controlled trials, is still recommended in guidelines and generally applied. Bridging fibrinolysis preceding endovascular treatment still remains 
the mainstay of reperfusion treatment in AIS, while primary percutaneous coronary intervention is the strategy of choice in STEMI. Shortening ischae
mic times by fine-tuning collaboration networks between ambulances, community hospitals, and tertiary care hospitals, optimizing bridging fibrinolysis, 
and reducing ischaemia–reperfusion injury are important topics for further research. The aim of this review is to provide insights into the common as 
well as diverging pathophysiology behind current reperfusion strategies and to explore new ways to enhance their clinical benefit.

Keywords STEMI • Ischaemic stroke • Primary PCI • Fibrinolysis • Thrombectomy • Reperfusion

Introduction
Acute ST-elevation myocardial infarction (STEMI) and acute ischaemic 
stroke (AIS) are vascular diseases in which the blood supply to a vital 
organ, respectively, the heart and brain, becomes abruptly impaired. 
Since normal myocyte and neuronal cellular function depend on an ad
equate supply of oxygen, cellular dysfunction with progression to in
farction will rapidly develop when restoration of blood flow is not 
established. The heart and even more the brain have a high vulnerabil
ity to ischaemia with irreversible damage typically developing within 
minutes after disease onset,1,2 hence the analogue treatment dogma’s 
‘time is muscle’ and ‘time is brain’. These statements emphasize the 
importance of urgent initiation of reperfusion strategies after onset 
of clinical symptoms. Reperfusion treatment for STEMI was intro
duced in the late 1980s, many years before being evaluated and there
after adopted by neurologists in the management of AIS. Although 
many similarities exist between both diseases, differences in aetiology, 
pathophysiology, and clinical presentation often demand an individua
lized and disease-tailored approach. This review aims to provide 
current insights into the pathophysiology and diagnostic workup of 
reperfusion therapy and explores ways to enhance its clinical benefit 
(Graphical Abstract).

The impact of pathophysiology on 
clinical presentation and treatment
STEMI caused by atherothrombotic coronary artery diseases (Type 1 myo
cardial infarction) is usually precipitated by abrupt rupture of an atheroscler
otic plaque. Exposure of the lipid-rich plaque content to the bloodstream 
activates platelets and the coagulation cascade, resulting in in situ develop
ment of a fibrin-rich thrombus. A less well-studied but emerging cause is 
a superficial erosion of a proteoglycan-rich plaque that triggers the 

formation of a platelet-rich thrombus (Figure 1 and Table 1).3 Plaque ero
sions are more often seen in younger (<50 years) and female STEMI 
patients.4 Other types of myocardial infarction will not be discussed 
as this review deals with reperfusion therapy. The presence of a cor
onary thrombus critically obstructing the vessel lumen will elicit an 
acute symptomatic event, usually involving chest pain or oppression. 
Thrombus formation in coronary arteries is often a dynamic pro
cess, and spontaneous, partial thrombus dissolution with recanaliza
tion of the artery and temporary disappearance of symptoms may 
occur. Myocytes deprived from oxygen and blood will suffer ischae
mia and, without reperfusion, undergo necrosis.1 Restoration of 
blood flow induces functional recovery of viable myocardium. 
Women with STEMI are older, present later to the hospital with a 
clinical picture more difficult to interpret, and have more 
comorbidities, and, compared with men, an alternative diagnosis 
(e.g. Takotsubo syndrome, coronary dissection) is more likely to 
be present.5

In contrast to STEMI, an important distinction must be made be
tween ischaemic (87%) and haemorrhagic stroke (13%).6 In patients 
with AIS, the aetiology can be divided into five categories according 
to the Trial of Org 10172 in Acute Stroke Treatment classification: 
large-artery atherosclerosis, cardio-embolism, small-vessel occlusion, 
stroke of other determined aetiology, and stroke of undetermined aeti
ology (Table 1).7 Diagnostic investigations are needed to correctly iden
tify the aetiology as this determines the optimal therapeutic 
management and secondary prevention strategy. In large-artery athero
sclerosis, an occlusion by an embolus from a proximal atherosclerotic 
lesion results in reduced perfusion of a particular vascular territory in 
the brain, whereas the heart is the source of emboli in AIS associated 
with atrial fibrillation (cardio-embolism). These two aetiologies usually 
result in larger emboli more likely to cause a large-vessel occlusion 
(LVO) for which both fibrinolysis and even more so thrombectomy 
are efficacious treatment options. In patients with lacunar infarcts, 

2736                                                                                                                                                                                       Scheldeman et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/doi/10.1093/eurheartj/ehae371/7701142 by guest on 10 August 2024



small-vessel disease is the presumed mechanism and affects small ves
sels <1 mm in diameter leading to subcortical infarcts, white matter 
hyperintensities, lacunes, perivascular spaces, microbleeds, and brain 
atrophy on neuroimaging and is clinically associated with AIS, but 
also cognitive decline (Figure 1).8 As large emboli are not involved in 
the pathophysiology, there is no indication for thrombectomy, and 
treatment relies on fibrinolysis. Other rarer causes of AIS are categor
ized as AIS of other determined aetiology (e.g. dissection or hypercoa
gulable state). Acute ischaemic stroke of undetermined aetiology 
relates to a heterogeneous category of patients in whom no single 
cause is identified. These various aetiologies share a common ischae
mic pathophysiological cascade, initiated by a sudden decrease in 
cerebral blood flow. The resulting energy depletion will lead to oe
dema formation due to shifts of ions and water: within minutes, fluids 
will shift from the extracellular to the intracellular space, resulting in 
cytotoxic oedema. This in turn causes an osmotic gradient resulting 
in extravasation of fluids over an intact blood–brain barrier, into the 
extracellular brain compartment (ionic oedema). After several hours, 
blood–brain barrier permeability changes enable leakage of larger 
proteins in addition to ions and water from the intravascular to extra
cellular space (vasogenic oedema). A more recent finding identifies 
the cerebrospinal fluid as a source of oedema by means of the glym
phatic system.8,9

Clinically, patients experience an acute onset of neurological symp
toms depending on the involved vascular territory. The absence of 
pain and presence of language and perceptual impairments contribute 
to delays in emergency room arrival (in comparison to STEMI), reducing 
treatment eligibility. Women suffer their first AIS at older age than 
men and have poorer functional baseline status. They experience longer 
delays to hospital arrival and brain imaging. Atypical and non-focal 

(e.g. mental state changes) stroke symptoms might be more common 
(although debated), and they more often suffer stroke mimics.9,10

Diagnosis: a simple 
electrocardiogram vs. imaging
The diagnosis of STEMI is based on clinical symptoms, electrocardio
gram (ECG), and, at a later stage, cardiac markers of necrosis. In 
most patients, the decision to proceed to reperfusion therapy is based 
on symptoms and the presence of acute ST-segment elevations on the 
ECG (Figure 2 and Table 1).

Based on the specific combination of stroke symptoms, the clinician 
might determine the affected hemisphere, localization (posterior vs. an
terior circulation), and even aetiology of the AIS (lacunar syndromes vs. 
cortical signs). However, robustly differentiating ischaemic from haemor
rhagic stroke can only be done by brain imaging and is essential to ensure 
a fibrinolytic can be administered safely. Potential stroke patients are usu
ally assessed by non-contrast-enhanced computed tomography (NCCT). 
The primary goal is to exclude contraindications for treatment (e.g. 
haemorrhage) or to make an alternative diagnosis, rather than confirming 
a definite diagnosis of AIS, since signs of infarction are not clearly visible 
on NCCT in the early time window after onset.11 Alternatively, magnetic 
resonance imaging (MRI) with diffusion-weighted imaging (DWI) is able 
to visualize cytotoxic oedema as a sign of early ischaemia almost imme
diately after onset.12 Despite its superior diagnostic accuracy,13 it is logis
tically more challenging in the emergency setting; hence, most hospitals 
rely on computed tomography (CT). Additional imaging sequences are 
relevant in patients who present outside the classical time window or 
with unknown stroke onset (Figure 2 and Table 1).

Figure 1 Pathophysiology of ST-elevation myocardial infarction and acute ischaemic stroke. Most commonly, Type 1 ST-elevation myocardial infarc
tion is caused by in situ thrombus formation on a ruptured plaque or by in situ thrombus formation on plaque erosion. The three most common causes 
of acute ischaemic stroke are cardio-embolism, large-artery atherosclerosis, and small-vessel disease. While the first two often result in occlusion of a 
large artery, associated with a large area of hypoperfusion, the latter affects the smallest blood vessels and will give rise to small, lacunar infarcts. Typical 
for large-vessel occlusions, this results in a larger area of critical, hypoperfusion (penumbra) compared with the tissue that is irreversibly damaged (core). 
The aim of reperfusion treatment with fibrinolysis and/or thrombectomy (depending on time and imaging characteristics) is successful reperfusion and 
penumbral salvage
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Table 1 Key differences in aetiology, diagnosis, and treatment between ST-elevation myocardial infarction and acute 
ischaemic stroke

STEMI (Type 1) AIS

Pathophysiology, causes • Ruptured atherosclerotic plaque
• Superficial erosion of a proteoglycan-rich plaque

• Embolism originating from large-artery 
atherosclerosis

• Cardio-embolic source
• Small-vessel occlusion
• Stroke of other determined aetiology
• Stroke of undetermined aetiology

Ischaemic thresholds Highly dependent on the presence of: 
• Collateral circulation
• Pre-conditioning

• Neurological symptoms if CBF drops below 29 mL/ 
100 g/min

• Infarction if CBF permanently drops below <18 mL/ 
100 g/min

Highly dependent on the presence of collateral 
circulation, but not pre-conditioning

Tissue viability concepts in 
ischaemic conditions

• Infarcted myocardium: irreversibly damaged and dysfunctional 
tissue

• Stunned myocardium: dysfunctional tissue that occurs without 
necrosis after interruption in coronary perfusion despite 
timely restoration of blood flow (reperfusion)

• Core: tissue destined to infarction with irreversible 
damage and permanent loss of function

• Penumbra: reversibly dysfunctional tissue, immediate 
functional recovery with reperfusion

Diagnosis Based on: 
• Clinical symptoms
• Cardiac markers of necrosis (troponins)
• ECG

Based on: 
• Clinical symptoms
• Brain imaging (CT or MRI)

Mechanical reperfusion 
treatment

• PCI of infarct artery with drug-eluting stent
• PCI of other lesions during index hospitalization

Mechanical thrombectomy

First-choice pharmacological 
reperfusion treatment

Tenecteplase (30 mg <60 kg, 35 mg 60–70 kg, 40 mg 70–80 kg, 
45 mg 80–90 kg, and 50 mg ≥90 kg, as a bolus) 
Half-dose tenecteplase in patients ≥75 years (≥60 years?)

Alteplase (.9 mg/kg, of which 10% as bolus, the 
remaining over a 60-min infusion)

Treatment eligibility in current 
clinical practice (Western 
world)

• Primary PCI: 80%
• Fibrinolysis (before PCI): 10%

• Thrombectomy: 7.1%
• Fibrinolysis: 16.6%

Time windows and imaging 
criteria for reperfusion 
treatment

Pharmacological 
• ≤12 h after the first medical contact or ECG diagnosis and 

only if PCI ≤2 h impossible or unlikely

Pharmacological 
• <4.5 h after known stroke onset
• 4.5–9 h after stroke onset or middle point last known 

well and symptom recognition if perfusion lesion– 
ischaemic core mismatch

• <4.5 h after symptom recognition in unknown onset 
stroke if DWI–FLAIR mismatch

Primary PCI 
• If performed ≤2 h after the first medical contact or ECG 

diagnosis by an experienced team

Mechanical thrombectomy  
Based on guidelines published in 2019: 
• <6 h for anterior circulation LVO-related stroke
• 6–24 h for anterior circulation LVO-related 

stroke with clinical/perfusion lesion–ischaemic 
core mismatch

Awaiting updated guidelines for: 
• 0–24 h for anterior circulation LVO-related 

stroke with large core
• 0–24 h for posterior circulation LVO-related 

stroke

Bridging strategies Fibrinolysis with re-evaluation at PCI site (pharmaco-invasive 
strategy) recommended in patients who cannot get primary 
PCI within 2 h after the first medical contact or qualifying ECG

Bridging fibrinolysis recommended

CBF, cerebral blood flow; CT, computed tomography; MRI, magnetic resonance imaging; PCI, percutaneous coronary intervention; ECG, electrocardiogram; DWI, diffusion-weighted 
imaging; FLAIR, fluid-attenuated inversion recovery; LVO, large-vessel occlusion.
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Pharmacological reperfusion: 
differences in efficacy between 
ST-elevation myocardial infarction 
and acute ischaemic stroke
Current STEMI guidelines recommend the use of bolus fibrin–specific 
agents, especially tenecteplase.14,15 A body weight–adjusted single 
bolus of tenecteplase (30–50 mg) was found to be equivalent to 
alteplase in reducing 30 days’ mortality in STEMI and was associated 

with fewer non-cerebral bleedings (Table 1).16 Current practice is 
to administer half-dose tenecteplase in patients ≥75 years to reduce 
the risk of intracranial haemorrhage (ICH). The recently published 
STREAM-2 trial in STEMI patients ≥60 years showed that a pharma
co-invasive treatment with half-dose tenecteplase (15–25 mg) was as 
effective as routine primary percutaneous coronary intervention 
(PCI).17 However, the study failed to show a reduction in ICH, which 
was partly due to protocol violations (excess anticoagulation or uncon
trolled hypertension). Still, major non-intracranial bleeding and blood 
transfusions were very rare. Whether half-dose tenecteplase will 

Figure 2 Diagnostic and therapeutic workflow in ST-elevation myocardial infarction and acute ischaemic stroke. Patients with ST-elevation myocar
dial infarction are transferred to either a hospital with or without facilities for percutaneous coronary intervention. After clinical evaluation and elec
trocardiogram diagnosis of ST-elevation myocardial infarction, patients will receive immediate treatment with percutaneous coronary intervention if 
time from electrocardiogram diagnosis to percutaneous coronary intervention initiation is 120 min or shorter. If a longer delay (>120 min) is expected 
(e.g. long transfer to percutaneous coronary intervention hospital), patients should receive fibrinolytic treatment and are scheduled to undergo per
cutaneous coronary intervention within 2–24 h after administration of fibrinolytic (pharmaco-invasive strategy) or rescue percutaneous coronary inter
vention if needed. Patients with acute ischaemic stroke are transferred to either a primary or comprehensive stroke centre. After a clinical assessment, 
patients undergo brain imaging (computed tomography or magnetic resonance), and based on time criteria and imaging findings, the decision to fibrino
lytic treatment is made. If there is evidence for a large-vessel occlusion, and if other time and imaging criteria are fulfilled, the patient will undergo 
thrombectomy treatment (after transfer to the comprehensive stroke centre if first admitted to a primary stroke centre). *See Table 1 for time win
dows and imaging criteria for reperfusion treatment. CT, computed tomography; ECG, electrocardiogram; MRI, magnetic resonance imaging; PCI, 
percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction
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become the preferred dose in all patients ≥60 years will require further 
study.

More than 10 years after the first successful studies of alteplase in 
STEMI, trials showed benefit of alteplase on functional outcome at 
3 months in AIS patients treated within 3 h of stroke onset 
(Table 1).18 Alteplase was the only approved fibrinolytic drug in AIS 
treatment for long, but prompted by studies in STEMI, increasing evi
dence supports the use of tenecteplase with higher degrees of reperfu
sion and clinical improvement at 24 h compared with alteplase19 and 
higher rates of recanalization compared with alteplase.20 Different 
meta-analyses of tenecteplase trials showed evidence of non-inferiority 
and superiority of tenecteplase compared with alteplase,21,22 and non- 
inferiority was recently confirmed by results of the AcT trial23 and 
TASTE-A trial.24 Further studies of tenecteplase vs. alteplase in AIS 
are still ongoing (NCT02398656, NCT03181360), but based on the 
current evidence, the use of tenecteplase is already recommended 
for the treatment of AIS.25

The rise of mechanical reperfusion
In a review on this topic published in this journal in 2014, Widimsky 
et al.26 suggested that mechanical reperfusion alone could become 
the preferred treatment of both STEMI and AIS. In the 10 years follow
ing this review, studies, however, have highlighted the need for a specific 
disease-tailored approach. First of all, differences in organ and vessel 
anatomy and function indeed demand a different mechanical interven
tion. The thick tunica media and adventitia in coronary arteries with
stand the high forces and pressure delivered by balloon angioplasty 
or balloon-expandable stents, but a similar technique would lead to ar
terial injury and severe complications in the more fragile intracranial 
vessels.27 Stent placement is permanent in coronary arteries, but only 
temporarily in intracranial arteries, since sacrificing small side branches 
is less well tolerated causing neurological dysfunction in the brain but 
has only minor effect on cardiac function.27 Moreover, the need for 
pronounced antiplatelet treatment after stent placement also increases 
the risk of ICH, especially after fibrinolysis,28 altogether making it a less 
attractive treatment option for AIS.

Primary PCI with drug-eluting stents is the therapy of choice in 
STEMI patients, if it can be performed by an experienced team within 
2 h after the first medical contact or ECG diagnosis (Figure 2).15

While systematic thrombectomy prior to stenting was the standard 
therapy for a while after the Thrombus Aspiration During 
Percutaneous Coronary Intervention in Acute Myocardial Infarction 
Study (TAPAS),29 two larger trials demonstrated a lack of effect and 
even some harm of this strategy,30,31 and, as a consequence, thrombec
tomy has been largely abandoned in primary PCI for STEMI. 
Bioresorbable vascular scaffolds have shown promising results in small 
early trials but are not available anymore due to their increased risk for 
scaffold thrombosis. In recent studies, complete revascularization by 
means of PCI of significant non-culprit lesions, performed either in 
the acute intervention, during or early after the index hospitalization, 
has shown clinical benefit.32 A recent study suggested that a staged 
complete revascularization (Days 19–45) was non-inferior to immedi
ate complete revascularization in the acute phase.33 However, the in
creased risk of re-infarction or unplanned revascularization when 
deferring additional procedures in this study suggests that the optimal 
timing of the staged procedure still requires further study.

In AIS, mechanical reperfusion is performed using a stent retriever, 
direct aspiration method, or a combination of both. In the first tech
nique, a self-deployable stent is expanded and retracted to remove 

the thrombus. The second technique applies suction directly to the 
thrombus.34 Since most intracranial thrombi arise from a distant source 
(extracranial carotid artery atherosclerosis with artery-to-artery em
bolization or cardio-embolic in a setting of atrial fibrillation) in contrast 
to in situ thrombus formation in STEMI, permanent stenting of the 
intracranial occlusion site has no place in AIS. Even in the minority of 
stroke patients with in situ thrombosis due to intracranial atheroscler
osis, studies found no benefit of elective PCI compared with aggressive 
antiplatelet therapy.35–37

Treatment eligibility for 
reperfusion treatment
In the Western world, around 80% of STEMI patients receive primary 
PCI and another 10% fibrinolysis as the initial treatment, leaving around 
10% of all STEMI patients not receiving any reperfusion treatment. In 
the absence of contraindications, fibrinolytic treatment is still the ther
apy of choice for STEMI patients in remote or sparsely populated areas 
throughout the world.38,39 In developing countries, streptokinase is the 
most frequently administered fibrinolytic for financial reasons. In these 
countries, primary PCI is usually reserved for private hospitals and afflu
ent patients. In Western countries, personal and institutional economic 
benefits may also be a reason for an exclusive use of primary PCI.

In sharp contrast with the high treatment numbers in STEMI, only 
16.6% of AIS patients received fibrinolytic therapy in 2020 according 
to a recent survey of a European population, but with great variation 
between countries (0%–62.4%).40 The main reasons for not being 
treatment eligible are late presentation outside the classical time 
windows41 or inability to report the exact onset time (e.g. due to 
aphasia, confusion, or night-time stroke onset during sleep),42 but other 
reasons are the presence of non-disabling symptom or contraindica
tions for fibrinolysis because of an increased bleeding risk. A history 
of STEMI in the past 3 weeks is considered a contraindication but 
not the simultaneous presence of a STEMI and AIS. Only 30% of AIS 
patients presents with an LVO potentially eligible for endovascular 
treatment,43 and the number of patients receiving thrombectomy in 
a European population in 2020 is even lower (on average 7.1%).40

Furthermore, most evidence for thrombectomy has been identified 
in patients with few comorbidities, and the treatment effect in frail pa
tients remains largely unknown.44 To increase these numbers, recent 
research has focused on expanding these time windows for reperfusion 
by improving symptom onset estimation, as well as organizing stroke 
care in collaborative networks.45–50

Time is muscle, time is brain, the 
benefit of reperfusion
Notwithstanding the popular and veracious dogma’s ‘time is muscle’ 
and ‘time is brain’, other factors also influence the pace at which brain 
or heart tissue undergoes irreversible infarction. The quality of the col
lateral circulation influences final infarct size in both STEMI51–53 and 
AIS54 and might account for the variation in infarct progression be
tween individuals (Table 1).

Nevertheless, with elapsing time, an increasing proportion of the is
chaemic tissue will undergo infarction and irreversible necrosis.1,2 The 
myocardium appears to be functionally less sensitive to immediate 
ischaemia than brain tissue, since an occlusion of 15–30 min can be 
tolerated without extensive myocardial dysfunction.52,55 An equally 
sized lesion might have a different impact on myocardial vs. brain tissue: 
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necrosis of just a small part of the left ventricle might go clinically 
unnoticed, while a small lacunar brain infarct in the internal capsule 
or brainstem might result in overt hemiplegia.

The benefit of reperfusion therapy in STEMI is highly time dependent 
and maximal in the first hour after symptom onset (the so-called golden 
hour)56,57 but remains present up till 12 h after symptom onset on 
average. In patients with signs of ongoing ischaemia, PCI may still be 
beneficial >12 h after onset.58 Cases with evidence of ongoing ischae
mia on ECG after >12 h are usually instances of a so-called stuttering 
infarction. These patients might report the onset of the first episode 
of chest pain as the onset of infarction rather than the last episode 
that caused persistent occlusion. In a large study of >40 000 STEMI pa
tients treated within 6 h with lytic therapy, female sex was only border
line significantly associated with a higher 30 days’ mortality in a 
multivariate analysis.59 In most primary PCI surveys, higher death rates 
and more complications are reported in women. In one survey, the ex
cess mortality was only seen in younger women, apparently not related 
to a longer reperfusion delay.60

In AIS, the highest chance of a good functional outcome can be 
reached with treatment in the first hour after onset and decreases 
with time, such that the risk of haemorrhagic complications typically 
offsets the benefits of fibrinolysis later than 4.5 h after onset.61,62

Although the time window for endovascular treatment is longer, with 
current guidelines extending to 24 h for selected patients, the 
relationship between benefit and time remains.63 In women, time 
to fibrinolysis is possibly longer, and this treatment is less often given 
than in men, although efficacy seems to be equal between sexes. 
Data on the use of thrombectomy in men vs. women are conflicting 
as women may present with longer onset-to-door times, but efficacy 
in terms of recanalization rates and 90 days’ outcome seems to be 
similar.10,64

The fast and accurate identification of stroke patients by emergency 
medical service (EMS) personnel is critical for appropriate stroke care. 
Several scales have been developed and should be implemented in col
laboration between EMS and stroke experts. Although clinical symp
toms may vary between sexes, the diagnostic performance of the 
various scales to detect LVO is similar between women and men.65

Guidelines advice that EMS leaders, in co-ordination with local, regional, 
and state agencies, and in consultation with medical authorities and lo
cal experts, should develop triage paradigms and protocols to ensure 
that patients with a known or suspected stroke are rapidly identified 
and assessed by use of a validated and standardized tool for stroke 
screening.66

Selecting the best treatment 
strategy
Primary PCI is the reperfusion treatment of choice in STEMI as it is 
more effective in recanalizing coronary vessels in comparison with fi
brinolytic treatment and reduces the risk of ICH.67 If primary PCI is im
possible within a time window up to 2 h after the first medical contact 
or diagnostic ECG, immediate administration of a fibrinolytic and trans
fer to a PCI hospital are indicated (Figure 2).14,15 In late presenters (>6 h 
after symptom onset), fibrinolytic therapy is no longer indicated due to 
lack of efficacy (more cross-linked fibrin) and risk of bleeding. 
Thrombus or infarct location does not necessarily influence the success 
of primary PCI, but outcomes after PCI are worse in patients with lar
ger infarcts, such as after a left anterior descending coronary artery 
STEMI.68

For patients with AIS, two treatment strategies like those in STEMI 
are currently available: intravenous fibrinolysis and thrombectomy. In 
the past, a clinical need for thrombectomy was clearly established as 
the effect of pharmacological reperfusion was often insufficient to 
achieve recanalization in patients with LVO.69 In the Western world, 
all primary stroke centres offer fibrinolytic treatment, but mechanical 
thrombectomy is often only available in larger hospitals, the so-called 
comprehensive stroke centres. The optimal strategy for patient triage 
(mothership approach with direct transfer to a comprehensive stroke 
centre vs. a drip-and-ship method with initial admission to a primary 
stroke centre for fibrinolysis followed by transfer to a comprehensive 
stroke centre for thrombectomy) should be a well-considered decision 
to minimize treatment delays, which depends on country-specific geo
graphic and demographic characteristics (Figure 2).70 Mirroring pre- 
hospital fibrinolysis in STEMI, mobile stroke units with CT equipment 
and an experienced stroke team on board allow rapid diagnosis, treat
ment initiation with fibrinolysis, and improved triage to either a primary 
or comprehensive stroke centres.71

Recent trials extended the treatment with fibrinolysis from 4.5 h 
after known onset or last seen well18,72 to a known window of up to 
9 h and an unknown time window based on the presence of imaging 
mismatch profiles.47,48 Although more effective than fibrinolysis 
alone,73 thrombectomy is only a proven beneficial therapeutic option 
in patients with an LVO (30% of all AIS patients).43 Similar to fibrinoly
sis, initial evidence only supported thrombectomy in anterior circula
tion AIS up to 6 h after known stroke onset,73 but recent trials 
extended this treatment window up to 24 h and to those with un
known stroke onset.45,46 In addition to the evidence in anterior circu
lation AIS, there is emerging evidence for thrombectomy in patients 
with basilar artery occlusion and moderate to severe stroke severity 
up to 24 h after onset.74,75 Although only 10% of stroke patients pre
sent with posterior circulation AIS, this is relevant given the disastrous 
consequences and high mortality of basilar artery occlusion.76

In contrast to STEMI, imaging plays a critical role in the management 
of AIS. Non-contrast-enhanced computed tomography is necessary to 
exclude haemorrhagic stroke. If clinical symptoms suggest the presence 
of an LVO [internal carotid artery, first (M1) or second (M2) segment of 
the medial cerebral artery], CT angiography (of the aortic arch, cervical 
and intracranial arteries) is essential to confirm the clinical suspicion. 
Non-contrast-enhanced computed tomography and CT angiography 
suffice in patients presenting in the classical time window for fibrinoly
sis (<4.5 h) or thrombectomy (<6 h) to guide treatment decisions, 
but in late presenters or unknown onset stroke, additional imaging 
has initially been required to discern patients who can still benefit 
from reperfusion treatment from those in whom treatment would 
be futile or even dangerous due to the risk of (haemorrhagic) compli
cations (Figure 3).61,62,77–79 The DWI–fluid-attenuated inversion 
recovery (FLAIR) mismatch can identify fibrinolysis-eligible patients 
in the unknown time window.48,80 Another MRI-based mismatch 
paradigm, the perfusion-weighted imaging (PWI)–DWI mismatch, 
identifies penumbral tissue (Table 1) by differentiating the area of crit
ical hypoperfusion (on PWI) from the ischaemic core (on DWI, tissue 
destined to undergo irreversible infarction). Alternatively, CT perfu
sion can be used to estimate both the ischaemic core and area of hy
poperfusion.81 Specific penumbral mismatch criteria were successfully 
defined and implemented in trials to select patients for treatment with 
fibrinolysis (≤9 h) or thrombectomy (≤24 h) in the late or unknown 
time window.45–47,49 These principles have been adopted by inter
national guidelines from the European Stroke Organisation82,83 and 
American Stroke Association66 but are expected to be updated in 
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the future based on the results of recent trials, which have shown a 
benefit of thrombectomy in patients with large ischaemic cores, espe
cially in early time windows, thereby reducing the role of advanced im
aging in selecting patients with LVO eligible for thrombectomy 
(Table 1).84

An approach taking AIS patients directly to the angiography suite 
(DTAS) without prior cerebral imaging has also been the subject of clin
ical trials. In contrast to STEMI in which most patients have a thrombot
ic occlusion, only a minority of AIS patients will have an underlying LVO, 
resulting in a significant proportion of patients undergoing futile trans
port to the angio suite. However, a DTAS approach in patients with 
suspected LVO has been shown to decrease door to reperfusion 
time and improve functional outcome.85

To bridge or not to bridge
A pharmaco-invasive strategy in which fibrinolytic therapy is adminis
tered in the ambulance or community hospital with re-evaluation of 
the perfusion status on arrival in the PCI hospital has been shown to 
be beneficial in early presenters when it is unlikely that primary PCI 
can be performed within 1 h after the first medical contact.86 When ly
tic therapy was unsuccessful (<50% ST-segment resolution and 

persistent chest pain or discomfort), rescue PCI was performed. If suc
cessful (≥50% ST-segment resolution, improvement of clinical status), 
no immediate but a delayed angiography (with PCI in most cases) 
was performed. Such a strategy is now recommended by guidelines if 
it is unlikely that the patient could get primary PCI within 2 h after 
the first medical contact or diagnostic ECG.14,15 Fibrinolytic drugs 
lead to early platelet activation and a higher risk of subacute stent 
thrombosis, possibly interfering with the success of immediate PCI after 
administration of the fibrinolytic.87 The current co-administration of 
P2Y12 antagonists and enoxaparin largely neutralizes this pro- 
thrombotic effect. As a result, rescue PCI can be avoided in about 
two-thirds of the patients but, if needed, safely performed.86 Because 
of this improved antithrombotic co-therapy, there is also renewed 
interest in studying facilitated PCI.88 In a facilitated PCI strategy (not re
commended by current guidelines), the effect of fibrinolysis is not eval
uated on arrival at the PCI hospital before proceeding with immediate 
PCI. A recent trial with a bolus staphylokinase before PCI showed fa
vourable efficacy and safety results in a population ≤75 years.89

Fibrinolysis in patients with LVO AIS fails to recanalize the ob
structed vessel in almost 90% of the patients69,90 and should therefore 
be followed immediately by endovascular treatment, not awaiting the 
effect of fibrinolysis (similar to the facilitated PCI approach in 
STEMI).91 Via an endovascular approach, the effect of fibrinolysis can 

Figure 3 Imaging examples of the mismatch concepts in acute ischaemic stroke: a patient (A) with a diffusion-weighted imaging–fluid-attenuated inversion 
recovery mismatch, without perfusion lesion–ischaemic core mismatch, and a patient (B) without diffusion-weighted imaging–fluid-attenuated inversion 
recovery mismatch, with perfusion lesion–ischaemic core mismatch assessed by magnetic resonance diffusion-weighted imaging and perfusion-weighted 
imaging. The diffusion-weighted imaging–fluid-attenuated inversion recovery mismatch is based on visual assessment of the diffusion-weighted imaging and 
fluid-attenuated inversion recovery scan. The perfusion lesion–ischaemic core mismatch can be assessed on perfusion computed tomography or magnetic 
resonance imaging and requires post-processing of perfusion imaging to derive perfusion parameters. In the magnetic resonance imaging example above, 
the core lesion is calculated based on the volume with an apparent diffusion coefficient <620 × 10−6 mm2/s. The perfusion lesion consists of tissue with a 
time to the maximum of the residue function >6 s and is visualized in green on the perfusion-weighted imaging scan. DWI, diffusion-weighted imaging; 
FLAIR, fluid-attenuated inversion recovery; Tmax, time to the maximum of the residue function. Figure adapted with permission from112
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be assessed and, in most cases, results in documentation of persistent 
vessel occlusion leading to subsequent thrombectomy. Vice versa, since 
evidence about the treatment benefit of thrombectomy was studied in 
a setting with preceding fibrinolysis, guidelines recommend lytic therapy 
before thrombectomy in fibrinolysis-eligible patients.82

Bridging fibrinolysis might be advantageous since infusion of fibrinolytics 
can be initiated earlier after AIS onset61 and might even obviate the need 
for thrombectomy by achieving recanalization before the start of the en
dovascular procedure,92 although these numbers are small (<10%).90

Fibrinolytic therapy could also facilitate mechanical extraction by softening 
of the thrombus, but might in adverse induce clot fragmentation and distal 
embolization.93 Recanalization of small vessels that are inaccessible for 
thrombectomy fully relies on fibrinolytic treatment.94

Similar to STEMI, the question rose to assess a potential benefit of 
direct thrombectomy alone in comparison to a bridging fibrinolysis 
strategy in patients with an LVO. Two trials were able to show non- 
inferiority of direct thrombectomy (without preceding fibrinolytic 
treatment), but the results were influenced by liberally chosen non- 
inferiority margins as well as a long delay to fibrinolysis in the standard 
treatment. Furthermore, these trials were conducted in an exclusively 
Asian population with potentially higher rates of intracranial athero
sclerosis, possibly decreasing the efficacy in the bridging lytic arm.95,96

Other trials failed to show non-inferiority of direct thrombectomy.97–99

A recent meta-analysis concluded that bridging fibrinolytic therapy 
for patients presenting within the conventional time window is benefi
cial compared with thrombectomy alone for achieving functional inde
pendence and successful reperfusion and is associated with lower 
90 days’ mortality and similar odds of symptomatic ICH, and as such, 
bridging fibrinolysis should be administered in eligible patients before 
mechanical thrombectomy.66,83,100 However, the beneficial effect of 
fibrinolysis may be time dependent with only a favourable shift towards 

better outcomes within 2 h and 20 min after onset.101 Beyond the con
ventional 4.5 h time window, the role of bridging fibrinolysis with tenec
teplase was studied in patients presenting up to 24 h after presumed 
stroke onset with an LVO. This approach did not result in better func
tional outcomes in the overall population.102

It is of interest to note that also in STEMI patients treated with pri
mary PCI, intramyocardial bleedings have been documented with MRI 
in a significant proportion of patients (around 25%; Figure 4).103

These bleedings may impair recovery of left ventricular function and re
sult in heart failure. To what extent bridging fibrinolysis increases the 
risk of intramyocardial bleeding is unknown.

Ongoing and future clinical 
research
Many patients eligible for primary PCI do not get this treatment within 
the recommended time window of 2 h after ECG diagnosis (or the first 
medical contact), and in many regions, primary PCI is just not available. 
In a recent large US registry performed in 648 hospitals, only 17% of 
STEMI patients underwent primary PCI within 2 h when inter-hospital 
transfer was needed,104 and mortality was more than three times high
er in those who could not undergo PCI within 2 h after arrival in the 
community hospital.105 In contrast with STEMI, only a minority of pa
tients presenting with AIS are candidates for reperfusion therapy due 
to contraindications or late presentation. Patients presenting with 
AIS should be evaluated in a timely manner and admitted to a centre 
capable of delivering at least acute fibrinolysis. Those eligible for 
thrombectomy based on vessel imaging require fast transfer to a 
thrombectomy-capable centre with high procedural volumes.106

Strategies to increase treatment eligibility should therefore be the focus 
of future research. Artificial intelligence (AI) could be helpful in this re
gard as it may improve the interpretation of ECG. If this could lead to a 
faster and better identification of patients suitable for reperfusion is 
currently unknown and should be studied in the future. Artificial intel
ligence–based tools are already being used to guide AIS management as 
they allow faster identification of diagnostic and prognostic imaging fea
tures. Future applications of AI may improve the clinical assessment and 
prognostication of the acute event.

Despite successful mechanical reperfusion strategies in both STEMI 
and AIS, recanalization of the obstructed main artery does not always 
translate into successful reperfusion at a microvascular level. In about 
half of the patients with STEMI, PCI might cause distal embolization re
sulting in failed microvascular reperfusion, impeding full functional myo
cardial recovery. However, low-dose intracoronary alteplase infused 
early after reperfusion did not reduce microvascular obstruction107

and might even be harmful leading to increased microvascular obstruc
tion, myocardial haemorrhage, and reduced left ventricular ejection 
fraction in patients presenting with an ischaemic time >4 h.108

Distal embolization is just one of the multiple causes of ischaemia– 
reperfusion injury.109,110 Acute inflammatory injury also plays a pivotal 
role and is a topic of ongoing research. In contrast to some preclinical 
models of AIS, evidence of reperfusion injury in human studies remains 
limited for AIS as imaging of this concept is challenging.111 Several topics 
of ongoing and future research to improve the benefit of reperfusion 
are summarized in Table 2.17,71,84,85,88,100,106–110,112–118

Limitations
This review has focused on recent advances made in the diagnosis and 
therapeutic application of reperfusion in STEMI and AIS. Reperfusion 

Figure 4 Example of an intramyocardial haemorrhage after primary 
percutaneous coronary intervention on T2-weighted magnetic reson
ance imaging. The hyper-intense region represents myocardial 
oedema, corresponding to the area at risk of infarction. The 
hypo-intense sub-endocardial rim corresponds to the area with intra
myocardial haemorrhage (arrows)
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involves complex pathophysiological processes at cellular level that were 
not covered in this review. Research in these domains may lead to new 
therapies that may enhance the benefit of reperfusion in the future.

Conclusions
Although an occlusive arterial thrombus is the immediate cause of STEMI 
and AIS, the diagnostic and therapeutic approaches have become increas
ingly different. The need for imaging in AIS has made the selection and 
initiation of treatment more complex, but findings from recent trials sug
gest that a broader group of patients may benefit from thrombectomy 
than indicated in current guidelines. While there are several ways to im
prove the benefit of reperfusion treatment, facilitating collaborative net
working by far remains the best way to shorten the ischaemic delay times 
and hence the benefit of reperfusion in both STEMI and IAS.
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