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Abstract
Myocardial infarction (MI) remains the most common 
cause of heart failure (HF) worldwide. For almost 50 
years HF has been recognised as a determinant of 

adverse prognosis after MI, but efforts to promote 
myocardial repair have failed to translate into clinical 
therapies. Primary percutaneous coronary intervention 
(PPCI) has driven improved early survival after MI, 
but its impact on the incidence of downstream HF is 
debated. The effects of PPCI are confounded by the 
changing epidemiology of MI and HF, with an ageing 
patient demographic, an increasing proportion of non-ST-
elevation myocardial infarction, and the recognition of HF 
with preserved ejection fraction. Herein we review the 
mechanisms of HF after MI and discuss contemporary 
data on its incidence and outcomes. We review current 
and emerging strategies for early detection of patients 
at risk of HF after MI, with a view to identification of 
patient cohorts for novel therapeutic agents.

Key words: Angioplasty; Heart failure; Myocardial infarc
tion; Percutaneous coronary intervention; ST-elevation 
myocardial infarction

© The Author(s) 2017. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Heart failure (HF) is a major cause of late 
morbidity and mortality after myocardial infarction. 
Several approaches exist for early identification of 
patients at risk of HF, including clinical and angiographic 
scoring, cardiac imaging, and invasive coronary 
physiology, but these are currently poorly integrated. 
Here we provide an overview of the incidence, me
chanisms, and outcomes of HF following myocardial 
infarction in the era of primary percutaneous coronary 
intervention, and discuss HF risk-stratification for the 
individual patient. Looking ahead, accurate and early 
prediction of HF will allow targeting of novel therapeutic 
agents to high-risk patients before ventricular remodel
ling and clinical HF have become established.
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INTRODUCTION
Primary percutaneous coronary intervention (PPCI) 
has revolutionised the management and outcome of 
acute myocardial infarction (MI)[1,2]. It is the reperfusion 
strategy of choice throughout the developed world, 
with 90000 procedures performed annually in the 
United States alone[3,4]. Contemporary PPCI in the 
United Kingdom is characterised by door-to-balloon 
times of < 60 min, radial access, second generation 
drug-eluting stents and tailored use of antiplatelet and 
antithrombotic agents[5,6]. The introduction of PPCI and 
adjunctive therapies have driven a reduction in inpatient 
mortality following acute MI from 20% in the late 1980s 
to approximately 5%-7% in contemporary series[7,8]. 

Despite this success, coronary artery disease re
mains the commonest cause of heart failure (HF)[9]. HF 
after MI is the major driver of late morbidity, mortality 
and healthcare cost. The effect of PPCI on the incidence 
of HF is debated, with studies confounded by the 
changing definitions and epidemiology of both MI and 
HF. Targeted therapies to prevent HF after MI have 
lagged behind advances in reperfusion, with Entresto 
(valsartan/sacubitril) the only novel pharmacotherapy 
for HF to enter the mainstream market in over a decade. 
Despite the evident burden of HF, many MI trials have 
predominantly focused on thrombosis, bleeding and 
composite endpoints [e.g., major adverse cardiac events 
(MACE)] rather than HF events specifically.

In this review we outline the challenge of HF following 
MI in contemporary practice. We provide an overview of 
the mechanisms and definitions of HF after MI, and the 
data on temporal trends in HF incidence from the pre-
thrombolysis era through to the modern day. We review 
current and emerging strategies to identify patients at 
risk of HF, including coronary physiology, cardiac magne
tic resonance and hybrid imaging, and suggest how 
improved mechanistic understanding of HF can be used 
to inform the next generation of clinical trials for these 
patients.

DEFINING HF AFTER MI
HF is defined as “a clinical syndrome resulting from any 
structural or functional cardiac disorder that impairs 
the ability of the ventricle to fill or eject blood”[10]. This 
has been translated into several validated diagnostic 
criteria (e.g., the Framingham criteria[11] and the 
European Society of Cardiology criteria[12]), but the pri
mary definition of HF as a clinical syndrome has led 
to differing clinical, imaging and biomarker definitions 

coexisting in clinical practice and research. Unlike MI, 
there is no “universal definition” and consequently, the 
diagnosis of HF is often heterogeneous between studies 
and over time[13]. 

Early studies of HF following MI used clinical criteria 
such as the Killip and New York Heart Association 
classifications[14,15]. While crude, Killip class has retained 
prognostic value in more recent cohorts such as the 
GRACE registry: Patients in Killip class I had an in-hospital 
mortality of 3%, rising to 20% for those in class III[16]. In 
the PPCI population, higher Killip class at presentation 
is an independent predictor of in-hospital and 6-mo 
mortality[17]. Clinical HF scores were refined by the 
development of echocardiography, which led to objective 
measurement of ejection fraction and ventricular 
volumes as an intrinsic part of a HF diagnosis[18]. 

The timing of HF following MI is important clinically, 
mechanistically and for research. Three key time 
periods need to be distinguished: HF at the index MI 
presentation, during the course of the first admission, 
and after discharge. The timing of HF is often not 
well-defined by research studies, making comparison 
between studies challenging. From a statistical 
perspective, older studies failed to treat HF as a time-
dependent, evolving covariate whose incidence was 
modifiable by the up-front treatment, meaning that late-
onset HF after MI is less well characterised than HF at 
presentation[19].

PATHOPHYSIOLOGY OF HF AFTER MI
Several overlapping mechanisms contribute to HF after 
MI (Figure 1). HF during the index MI occurs due to a 
combination of myocardial stunning, myocyte necrosis, 
decompensation of pre-existing HF or acute mitral 
regurgitation due to papillary muscle dysfunction. HF 
during the hospitalisation may also be due to any of 
the above, compounded by fluid or contrast overload, 
renal dysfunction, or complications such as ventricular 
septal defect or cardiac tamponade. Late HF reflects 
the consequences of cardiomyocyte death and scar 
formation occurring alongside ventricular remodelling.

The cellular pathophysiology of MI has been clearly 
defined in animal models. Within 30 min of ischaemia, 
cardiomyocyte structural changes and oedema develop, 
leading to progressive cell death from three hours. 
Acute contractile dysfunction occurs due to oxidative 
stress and calcium overload, which is reversible if flow 
is restored[20]. Reperfusion itself causes a second wave 
of injury, by production of reactive oxygen species. 
Despite successful epicardial reperfusion, embolization 
of thrombotic debris, plugging by inflammatory cells 
and release of vasoactive mediators from damaged 
endothelium leads to ongoing microvascular dysfunction 
in up to 50% of patients[21]. 

Myocardial injury leads to activation of a stereotyped 
inflammatory cascade, comprised of early neutrophil 
ingress followed by monocyte-macrophage infiltration. 
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Between days 3-5 following MI there is a transition from 
inflammation to repair, with activation of fibroblasts 
and progressive scar deposition[22]. Over time there 
is compensatory activation of the renin-angiotensin 
and sympathetic nervous systems and pathological 
remodelling, with changes to the ventricular geometry, 
wall thinning, ischaemic mitral regurgitation and 
further cardiomyocyte loss. The precise contribution 
of the different pathophysiological components (e.g., 
microvascular dysfunction, inflammation) to injury 
is likely to be heterogeneous, and understanding 
mechanistic pathways in specific patient subgroups will 
be key to identifying novel therapeutic strategies[23]. 

TEMPORAL TRENDS IN HF AFTER MI
HF after MI was first described as an adverse prognostic 
feature by Killip in the 1960s[14]. HF was associated with 
large infarcts and multivessel disease, and the presence 
of impaired ventricular function was linked to worsening 
mortality[24,25]. Prior to thrombolysis, the incidence of 
in-hospital HF after ST-elevation myocardial infarction 
(STEMI) was approximately 40%[15]. This appeared to 
reduce after the introduction of thrombolysis, with HF 
present in approximately 3% of patients at presentation 
and 17% during admission[26]. Successful reperfusion 
was associated with improved LV function and long-
term survival[27]. HF during admission remained an 
adverse prognostic feature, with 1-year mortality rates 
approximately 5 fold higher in those with HF[28]. 

More recent studies have suggested a further reduc
tion in HF rates with use of primary PCI. In an Italian 
cohort of 2089 MI patients treated exclusively by PPCI 
between 1995 and 2005, 17% presented in HF, but 
only a further 1% developed new onset HF during the 
hospital admission[29]. Similarly, in an analysis from 
the HORIZONS-AMI cohort of 3602 patients recruited 
between 2005-2007 treated with PPCI, 8.0% of patients 
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were in Killip class II-IV at presentation. At 30 d, only 4.6% 
of patients had developed a clinical HF syndrome (defined 
by NYHA/Killip class), rising to 5.1% at 2 years[30].

These studies are not directly comparable, and 
reflect selected trial cohorts with a short duration of 
follow-up and differing methods of HF ascertainment. 
Several dedicated time trend analyses have now been 
performed. In Olmsted County, 1537 patients with 
an index MI between 1979 and 1994 were identified, 
spanning the introduction of thrombolysis in the late 
1980s[31]. Over the study period the 5-year incidence 
of HF decreased from 40% to 33%. In a later study of 
2596 MI patients between 1990 and 2010, there was 
increasing use of PPCI and a reduced risk of both early 
(0-7 d; HR = 0.67, 95%CI: 0.54-0.85) and late (8 d-5 
years; HR = 0.63, 95%CI: 0.45-0.88) HF over time[32]. 
In patients with HF, mortality was higher for those with 
delayed vs early onset HF[33]. 

A reduction in post-MI HF has also been seen in other 
studies. In a sample of 2.8 million MI hospitalisations 
(in Medicare beneficiaries) between 1998-2010, there 
was a reduction in the incidence of subsequent HF 
hospitalisation from 16 to 14 per 100 person-years[34]. 
In a Danish cohort, the incidence of HF at 90 d post-
MI reduced from 24% to 20% alongside a an increase 
in PCI from 2.5% to 38% between 1997 and 2010[35]. 
Similarly, in Western Australia there was a reduction 
in the prevalence of HF at 90 d from 28% to 17% 
between 1996 and 2007[36]. Finally, in the SWEDEHEART 
registry of 199851 patients admitted with an MI 
between 1996 and 2008, there was a reduction in the 
incidence of clinical HF (albeit measured during the index 
hospitalization) from 46% to 28% alongside increasing 
use of PPCI[37]. 

In contrast, data from Framingham Heart Study 
shows an increase in HF over time[38,39]. In 676 patients 
who developed a first MI between 1970 and 1999, 
both the 30-d and 5-year incidence of HF increased. At 

Myocardial stunning

Inflammation

Fibrosis

Remodelling

Neurohormonal activation Microvascular obstruction

Haemorrhage

Reperfusion injury

Cardiomyocyte necrosis

Figure 1  Mechanisms of heart failure after myocardial infarction.
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emerging hybrid imaging and coronary physiology 
approaches are shedding light on the mechanisms 
driving HF in different patient subgroups, and might also 
be used as early surrogate endpoints for trials. Given 
the historical failure of generic approaches targeting 
processes such as inflammation, it seems likely that 
tailored therapies for specific patient groups will be 
required.

Clinical evaluation
Infarct size is the major determinant of downstream 
HF and prognosis[43]. Predictors of HF on admission 
are related to underlying LV function (e.g., prior MI), 
markers of coronary artery disease severity (e.g., 
diabetes mellitus) and features of an extensive infarct 
(e.g., anterior location, increasing duration from 
symptom onset to reperfusion)[29]. Clinical predictors 
of late HF are of greater use for risk stratification. In 
the HORIZONS-AMI cohort, predictors of new-onset HF 
at 2 years were a history of MI (OR = 1.81, 95%CI: 
1.22-2.67), ejection fraction (per 10% decrease OR 
= 1.35, 95%CI: 1.21-1.5), female sex (OR = 1.34, 
95%CI: 1.1-1.51) and insulin-treated diabetes (OR = 
1.68, 95%CI: 0.96-2.65)[30]. Similarly, in the CARE and 
VALIANT studies of MI survivors, predictors of late HF 
were age, diabetes, renal insufficiency, LVEF post-MI, 
and Killip class at index MI ≥ 2[44,45]. A dedicated scoring 
system for prediction of late HF which integrated these 
parameters would be of value. Although not designed 
for HF events, the GRACE score, originally developed 
for ACS risk stratification, has recently been shown to 
predict late HF events after both STEMI and NSTEMI[46]. 

Coronary angiography and haemodynamics
Coronary angiography provides a number of patient-

5 years, the incidence of HF was 28% in 1970-1979 
and 32% in 1990-1999, which remained significant 
after multivariate adjustment, with a risk ratio of 1.74 
(95%CI: 1.07-2.84) for HF in 1990-1999 compared 
with 1970-1979[39]. Similarly, the Worcester Heart Attack 
Study showed an increasing incidence of HF between 
1975 and 2001, and in the Alberta Elderly MI cohort, 
there was a 25% increase in the incidence of in-hospital 
HF between 1994-2000, from 31% to 39%[40,41]. 

In the face of conflicting data from a relatively small 
number of studies, it remains difficult to draw firm 
conclusions on the impact of PPCI on the incidence of 
HF. There are key differences between studies in the 
definition of HF and MI, the validation of these diag
noses, the timing of ascertainment and the duration of 
follow-up. While the majority appear to suggest that 
PPCI is associated with reduced HF incidence, for many 
the duration of follow-up is short. Some studies have 
not differentiated between incident and prevalent cases. 
Reconciling these differences will require further studies 
with long term follow-up. If increasing survival from MI is 
leading to a rise in HF, this may only be seen in updated 
analyses, as interventionalists take on increasingly 
frail and elderly patients who previously were not 
surviving[42]. 

RISK STRATIFICATION FOR HF AFTER MI
Given the ongoing contribution of HF to morbidity and 
mortality after MI, early risk stratification and preven
tative therapeutic strategies are required. Although a 
number of clinical, angiographic, physiological, imaging 
and biomarker approaches to HF risk stratification 
following MI have been proposed (Figure 2), few are 
in routine clinical use. In addition to prognostication, 

Infarct size/characterisation

Age
Male sex

Killip class
Pain to balloon time

LAD culprit artery
TIMI flow pre/post PCI

MBG

IMR
CFR

Cardiac function/volumes
WMSI

MVO
Infarct haemorrhage

Cardiac function/volumes

Inflammation 

CK/Tnl and BNP

Salvage/repair

Age
Killip class

Pain to balloon time

Pre-PCI TIMI flow
Collateral flow

IMR
ΔCFR

MVO
ΔCardiac function
ΔCardiac volumes 

-  remodelling

Required

Required

Patient

Angiography

Coronary physiology

Echocardiography

Cardiac MRI
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Biomarkers

Figure 2  Heart failure after myocardial infarction - strategies for prediction of infarct size and salvage. BNP: B-type natriuretic peptide; CFR: Coronary flow 
reserve; CK: Creatine kinease; IMR: Index of microcirculatory resistance; LAD: Left anterior descending; MBG: Myocardial blush grade; MVO: Microvascular occlusion; 
PET: Positron emission tomography; PCI: Percutaneous coronary intervention; TIMI flow: Thrombolysis In Myocardial Infarction flow score; TnI: Troponin I; WMSI: Wall 
motion score index. 
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or haemorrhage. Pzf correlates with HMR, and also 
predicts residual scar at 6 mo post-MI with an AUC of 
0.94[56,58]. FFR, the ratio of myocardial blood flow at 
maximal hyperaemia in comparison to normal proximal 
myocardial flow, is also predictive of adverse outcome, 
with an FFR of ≤ 0.8 associated with an HR of 3.24 
for MACE[58]. The utility of coronary physiology in day-
to-day practice, and the optimal index for HF risk 
stratification remains to established. 

Imaging
Complimentary imaging modalities are providing increa
singly detailed phenotyping of myocardial injury, fun
ction and healing. Standard echocardiographic indices 
including ejection fraction, LV volumes, wall motion 
score index, E/E’ ratio and right ventricular function pro
vide prognostic information after MI[59]. More recently, 
longitudinal and circumferential strain rate have been 
shown to be predictive of death or hospital admission 
for HF, with longitudinal strain rate adding significant 
incremental value in the prediction of all-cause mortality 
beyond clinical variables, LVEF, and wall motion score 
index[60]. 

Cardiac MRI offers a broad armamentarium for tissue 
and functional characterisation, including quantification 
of the area at risk, infarct size, salvage index, micro
vascular obstruction, haemorrhage, heterogeneity and 
scar. Several indices are independently predictive of 
late outcome, including CMR-determined infarct size, 
myocardial salvage index and extent of microvascular 
obstruction[61-63]. In a study of 249 patients, CMR mea
surement of MVO was the strongest predictor of MACE 
over a 6-year follow-up[64,65]. CMR characterisation of 
infarct core characteristics, including identification of 
infarct haemorrhage (by T2W and T2*) or native T1 
signal, are recently-described predictors of adverse 
remodelling and clinical outcome[66-68]. 

Combining metabolic imaging by 18F-fludeoxyglucose 
(18F-FDG) with MRI has the potential to provide further 
characterisation of myocardial injury and repair. 18F-FDG 
accumulates in monocyte-macrophages and other 
highly metabolically active tissues[69]. In a study of 49 
patients hybrid 18F-FDG PET-MRI was performed at 
a median 5 d following MI. The intensity of 18F-FDG 
signal correlated with infarct size and predicted cardiac 
function at 6-9 mo follow-up. Interestingly, FDG signal 
remained an independent predictor after multivariate 
analysis, providing the first clue that imaging of inflam
matory response can be used to risk stratify patients[70]. 
Recently, PET imaging of CXCR4, a receptor expressed 
on leucocytes and haematopoietic stem cells was 
demonstrated in human patients after MI. This type 
of approach holds great potential for understanding 
the biological heterogeneity in the healing response in 
vivo[71]. 

Biomarkers
Cardiac biomarkers such as troponin and BNP have 
established core use for the diagnosis of MI and HF, 

specific markers for risk stratification, albeit often 
for MACE rather than HF specifically (Figure 2). The 
presence of multivessel disease and lack of normal flow 
in the infarct related artery are key adverse prognostic 
features after PPCI[47,48]. TIMI flow in the infarct related 
artery pre and post-procedure predicts outcome, with 
post-procedural ≤ TIMI 2 flow associated with a HR of 
3.8 (95%CI: 2.5-5.7) for 1-year mortality[49]. Impaired 
microvascular perfusion, assessed angiographically 
using the TIMI myocardial blush grade, also predicts 
1-year mortality, which rises from 1.4% in patients with 
normal blush to 6.2% in patients with absent blush[50]. 
Patients with no-reflow have a higher incidence of 
arrhythmia, remodelling, HF and mortality[21]. 

Recent attempts to categorise no-reflow have focused 
on the upstream causes, including distal embolisation 
of thrombus, new thrombus formation mid-procedure, 
and intraprocedural stent thrombosis, collectively 
badged as intraprocedural thrombotic events (IPTE). The 
incidence of IPTE was 12.2% in a recent STEMI cohort, 
with each IPTE component independently associated 
with 30-d death and MACE[51]. Beyond angiography, 
invasive hemodynamic measurement in the cath lab 
can provide further risk stratification: Measurement of 
LV end-diastolic pressure is an independent predictor of 
mortality at 2 years, even after adjustment for baseline 
LV function[52]. 

Coronary physiology
Invasive coronary physiology provides a highly sensi
tive readout of microcirculatory function, and has 
demonstrated significant value in prediction of myocardial 
recovery after MI. The index of microcirculatory resis
tance (IMR) is the ratio of distal coronary pressure to 
the inverse of the mean transit time during maximal 
hyperaemia. Measured after PPCI, IMR is a predictor of 
ejection fraction and infarct volume at 3 mo post-MI[53]. 
An IMR > 40 is associated with increased risk of death or 
rehospitalisation for HF (HR = 2.1, P = 0.034)[54]. IMR is 
now being used as a surrogate endpoint in ongoing trials 
of aspiration thrombectomy and intracoronary GpIIb/IIIa 
agents[55]. Hyperaemic microvascular resistance (HMR), 
another specific read-out of microcirculatory function, is 
also predictive of CMR-defined microvascular occlusion 
(MVO), and impaired local blood flow as measured by 
PET[56]. 

Invasive measurement of coronary flow reserve 
(CFR), zero-flow pressure (Pzf), and fractional flow 
reserve (FFR) may also have a role in risk stratification 
following PPCI. CFR is the ratio of ratio of hyperaemic 
to resting coronary flow and incorporates both the 
epicardial and microvascular circulations. In 44 patients 
undergoing PPCI, the change in CFR between presenta
tion and day 1 post-PPCI was predictive of the degree 
of myocardial salvage and ejection fraction at 6 mo[57]. 
Pzf, derived from pressure-velocity loop analysis, is the 
distal coronary pressure at which the flow in a coronary 
artery would theoretically cease and represents extra
vascular compression of the microcirculation by oedema 
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can we trial?
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