
Heart failure is a pathophysiological state in which an 
abnormality in cardiac function results in the failure of 
the heart to pump blood under normal cardiac pressures 
at a rate that meets the requirements of metabolizing 
tissues1. Symptoms of heart failure include dyspnoea, 
fatigue and limitations in exercise tolerance, and often 
also include concomitant fluid accumulation, most 
 notably in the lungs, abdomen and lower extremi
ties (that is, congestion). Consequently, heart failure is 
accompanied by a substantial morbidity and mortality 
risk, and impairs quality of life and functional capacity2.

Broadly speaking, heart failure can be divided into 
heart failure with reduced ejection fraction (HFrEF)  
and heart failure with preserved ejection fraction (HFpEF; 
FIG. 1). In healthy individuals, the left ventricu lar ejection 
fraction (LVEF; that is, the percentage of blood pumped 
from the left ventricle each time the heart contracts) 
ranges from 52% to 72% in men and from 54% to 74% in 
women, and a value of 40% is sufficient for the classifi
cation of HFrEF3. In the United States, approx imately 
50% of the total cases of heart failure are attributable 
to patients with reduced ejection fraction2. The patho
physiology of HFrEF is complex and usually commen ces 
with a precipitating event, such as direct injury to the 
myocardium or a disease state (for example, coronary 

artery disease, myocardial infarction and dilated cardio
myopathy), that leads to the reduced contract ion of the 
ventricles. Initially, several compensatory mechanisms 
are activated, which can promote enhanced ventricular 
contraction. However, these mechanisms ultim ately fail, 
resulting in the progression of disease and worsening 
of symptoms.

The identification of precipitating factors of HFrEF 
enables the classification of patients into those ‘at risk’ 
of developing HFrEF and those with symptomatic dis
ease. Classification enables the targeting of preventive 
therapies to highrisk individuals, in an attempt to delay 
the development of structural heart disease, ventricular 
impairment and clinical HFrEF. Management of heart 
failure has assumed centre stage in modern cardio
vascular medicine. Practicing clinicians recognize the 
challenges that are associated with the management of 
heart failure, as this condition is difficult to recognize 
and diagnose because the symptoms might be vari
able. Assessing prognosis and risk of complications is 
 similarly hard to accomplish. Although several therapies 
for the management of heart failure have been developed, 
the most success has been in the management of patients 
with HFrEF, and the development of care options for 
patients with HFpEF has remained elusive.
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Abstract | Heart failure is a global public health problem that affects more than 26 million people 
worldwide. The global burden of heart failure is growing and is expected to increase substantially with 
the ageing of the population. Heart failure with reduced ejection fraction accounts for approximately 
50% of all cases of heart failure in the United States and is associated with substantial morbidity and 
reduced quality of life. Several diseases, such as myocardial infarction, certain infectious diseases 
and endocrine disorders, can initiate a primary pathophysiological process that can lead to reduced 
ventricular function and to heart failure. Initially, ventricular impairment is compensated for by 
the activation of the sympathetic nervous system and the renin–angiotensin–aldosterone system, 
but chronic activation of these pathways leads to worsening cardiac function. The symptoms of heart 
failure can be associated with other conditions and include dyspnoea, fatigue, limitations in exercise 
tolerance and fluid accumulation, which can make diagnosis difficult. Management strategies include 
the use of pharmacological therapies and implantable devices to regulate cardiac function. Despite 
these available treatments, heart failure remains incurable, and patients have a poor prognosis and 
high mortality rate. Consequently, the development of new therapies is imperative and requires 
further research.
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This Primer focuses on the characteristics, recog
nition, management and outlook for the diagnosis of 
HFrEF. In doing so, a global picture for the challenges 
that face clinicians, patients, clinical researchers, drug 
developers and regulators emerges.

Epidemiology
Incidence and prevalence
In the United States, the prevalence of heart failure has 
increased from 5.7 million Americans ≥20 years of age 
(from 2009 to 2012) to 6.5 million (from 2011 to 2014). 
Among patients’ first hospitalizations for heart failure, 
53% of patients had HFrEF, of whom 70% were black 
men4. In Europe, the prevalence of heart failure in 2008 
was reported to be at least 15 million people among 
51 European countries represented in the European 
Society of Cardiology, with an overall population preva
lence of between 2% and 3%, rising with age to 10–20% 
among those 70–80 years of age5. Across Asia, the preva
lence varies between countries, with a prevalence in 2014 
of 4.5 million people in China6. The prevalence in India 
in 2010 was reported to be 1.3–4.6 million  people7, with 
an annual incidence of 0.5–1.8 million people. In Japan, 
it was estimated in 2003 that ~1 million  people had heart 
failure8. Similar to populations in Western  countries, 
heart failure in Japan is an agerelated disease, with 
more than onethird of patients being ≥75 years of age9. 
However, in subSaharan Africa, the mean age of patients 
with heart failure in 2012 was reported to be 52 years 
of age, ~20 years younger than their counterparts in 
Western countries but with comparably poorer out
comes10. Recent data from the International Congestive 
Heart Failure prospective cohort study showed striking 
global variations in heart failureassociated mortality, 
with the highest 1year mortality in the countries with 
the youngest patients (that is, in African countries and 
India)11. Although mortality was related to several known 
cardiac risk factors (such as advanced disease, previous 
heart failureassociated hospitalization and valvular dis
ease) and noncardiac risk factors (such as concomitant 
chronic kidney disease and chronic obstructive pulmo
nary disease), these variables explained <50% of the 
 mortality risk, leaving the remainder of risk unexplained.

Although population statistics have consistently 
demonstrated an increasing prevalence of heart fail
ure over recent decades, studies focusing on incidence 
trends have shown stable12 or perhaps even decreas
ing trends12–14. However, with the ageing of the world’s 
popu lation, a higher proportion of individuals are 
at risk of developing heart failure (such as individ
uals with  obesity, diabetes mellitus and hypertension), 
and with improved survival from acute myocardial 
infarctions and valvular heart disease, the prevalence 
continues to increase regardless of incidence rates. The 
lifetime risks for developing heart failure are high and 
estimated to be approximately 20% after 40 years of age, 
highlighting the importance of populationwide efforts 
to address the burden of heart failure15.

Hospitalization
Approximately 25% of patients who are hospitalized for 
heart failure are readmitted within 30 days, with 6month 
readmission rates of almost 50%12,13,16. In addition, 
25–30% of patients die within 1 year of discharge17,18. 
Several studies have demonstrated improvements in 
heart failure survival since the late 1990s12 but absolute 
outcomes remain dismal in both subtypes of heart fail
ure, with survival estimates of ~50% after 5 years and 
10% after 10 years. The rates of hospitalizations continue 
to rise19. The burden of heart failure on health care sys
tems is particularly worrying in lowincome and middle 
income regions of Africa, South America, Eastern Europe 
and the AsiaPacific region, where the prevalence of 
heart failure is rapidly rising with an increasing burden 
of antecedent cardiovascular diseases, such as hyperten
sion and diabetes mellitus; in addition, comprehensive 
data are lacking, and disease management and outcomes 
vary substantially20.

Risk factors
Epidemiological studies have observed pathophysio
logical differences between patients with HFrEF and 
patients with HFpEF. Some cardiovascular risk factors, 
such as diabetes mellitus, smoking and hypertension, 
precede both HFrEF and HFpEF, but individuals who 
develop HFpEF tend to be older, female, have a history 
of hypertension and to be more likely to have concom
itant atrial fibrillation21. In validated models, male sex, 
left ventricular hypertrophy, bundle branch block, pre
vious myocardial infarction and smoking were more 
strongly associated with HFrEF than with HFpEF, and 
age was more strongly correlated with HFpEF than with 
HFrEF22. Other risk factors for heart failure include 
 atherosclerosis, obesity and metabolic syndrome.

Mechanisms/pathophysiology
Aetiology and precipitating factors
HFrEF is caused by an initial injury or disease state that 
affects the heart and leads to reduced ventricular con
traction. These disease states either can be cardio vascular 
in origin or can initially involve other organ systems 
followed by the development of secondary cardio vascu
lar abnormalities. Coronary artery disease is respon
sible for approximately twothirds of HFrEF cases23,  
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and the most important attributable risk factor for 
HFrEF is hypertension24. Other cardiovascular aetio
logies of HFrEF include cardiomyopathies, myocardial 
infarction, myocarditis, valvular diseases and cardiac 
infections. Extracardiac causes of HFrEF are numer
ous and include endocrine aetiologies (such as thyroid 
disorders), systemic diseases (such as sarcoidosis and 
systemic lupus erythematosus), those related to a high 
intake of alcohol and other illicit drugs2, and those 
 following chemotherapy for cancer25.

The inciting event of ventricular impairment can 
be either acute in onset (for example, viral myo carditis 
and myocardial infarction) or insidious in onset (for 
example, genetic cardiomyopathy and anthracycline 
induced cardio myopathy), in which the clinical symp
toms of HFrEF manifest weeks, months or even years 
after the original insult26. Inciting events that are insidi
ous in onset can be grouped into events that lead to 
impaired contractility (such as valvular abnormalities, 
coronary artery disease and dilated cardiomyopathies 
due to alcohol or genetic factors), events that lead 
to increased afterload (that is, the pressure in the left 
ventricle during the ejection of blood or the pressure 

with which the heart contracts against to eject blood) 
and chronic pressure overload (that is, the overload 
of the cardiac muscle when it must contract in a state of 
increased afterload), such as severe aortic stenosis and 
 uncontrolled hypertension27.

In patients with preexisting HFrEF who are stable, 
several factors can precipitate a worsening of symptoms, 
clinical decompensation or hospitalization. These include 
arrhythmias, ischaemia, infection, non compliance with 
medications and dietary indiscretions (such as excessive 
intake of fluid or sodium)2. Several drugs can exacer
bate HFrEF, meaning that a careful review of patients’ 
 medication is crucially important28 (BOX 1).

Pathophysiology
The relationship between the initial insult and the 
development and progression of HFrEF is extremely 
complex. At the genetic and molecular levels, changes 
in cell structure (such as sarcomere depletion and glyco
gen deposition) might occur. In the failing myocardium, 
pathological alterations in contractile, regulatory and 
cytoskeletal proteins that lead to myofibril dysfunction 
can be found (including dephosphorylation and altered 
expression, activity and localization of proteins)29. 
At the cellular level, the prolongation of action poten
tials is present in both patients and animal models due 
to abnormalities in sodium and potassium channels on 
the myocardial membrane, which leads to arrhythmias29. 
HFrEF is also characterized by abnormalities in cellular 
calcium regulation and altered calcium kinetics, which 
modify myocardial contraction29. Abnormalities in 
myocardial energy metabolism have also been reported, 
including a heavier reliance on glucose metabolism, 
decreases in oxidative phosphorylation and patho
logical mitochondrial function29. A unique area of 
interest is the improvement of myocardial metabolism 
in ‘stunned’ or hibernating myocardium to alter patho
logical cellular remodelling, and the rationale for the 
use of currently accepted heart failure therapies can be 
found in targeting these pathological cellular responses 
in dysfunctional myocardium29. Finally, other changes, 
such as altered stress responses, apoptosis and auto
phagy, might be involved in propagating heart failure. 
Although several molecular and cellular abnormalities in 
the failing heart have been identified, the timing of these 
alterations in terms of the initial myocardial insult to 
the progression of disease is poorly understood. In addi
tion,  little is known about the cause of the progression 
from a compensated to an acutely decompensated state, 
or the molecular basis upon which certain patients fully 
recover ventricular function, whereas other patients clin
ically worsen30. What is clear, however, is that once the 
initial compensatory mechanisms become  maladaptive, 
 cardiac remodelling leads to progression to HFrEF.

Compensatory mechanisms. Although the pathophysio
logy underlying HFrEF is incompletely understood, 
several principles prevail (FIG. 2). Cardiac output is deter
mined by the product of stroke volume (the volume of 
blood that is expelled from each systolic contraction 
of the heart) and heart rate. The Frank Starling principle 
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Figure 1 | Subtypes of heart failure. Heart failure can be classified as left-sided or 
right-sided, depending on which chambers and circulation, systemic or pulmonary, 
respectively, are affected. Right-sided heart failure typically develops as a consequence of 
left-sided heart failure and, therefore, we use the term ‘heart failure’ to refer to left-sided 
heart failure. Heart failure can be broadly divided into heart failure with reduced ejection 
fraction (HFrEF) and heart failure with preserved ejection fraction (HFpEF). In both HFrEF 
and HFpEF, the amount of blood that is pumped out with each heart beat is reduced, but 
the mechanisms underlying these conditions are different. a | In patients with HFrEF, the 
ejection fraction (that is, the proportion of blood pumped from the ventricles) is usually 
defined as ≤40%2. The ventricular myocardium can no longer contract with a force that 
is sufficient to adequately pump the blood either because it has weakened or impaired 
contractility or because it cannot overcome an increased afterload (the pressure in the 
wall of the left ventricle (LV) or the pressure against which the heart contracts to eject 
blood). b | Conversely, HFpEF is a clinical syndrome of heart failure in the presence of 
preserved or normal left ventricular ejection fraction, with evidence of diastolic 
dysfunction by non-invasive or invasive haemodynamic measurement2. In this case, 
the ventricular myocardium fails to relax during diastole, for example, because the tissue 
has thickened or stiffened, and as a result the chamber cannot adequately fill with blood. 
LA, left atrium; RA, right atrium; RV, right ventricle.
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describes a physiological mechanism by which an  initial 
reduction in left ventricular contraction ultimately leads 
to a compensatory increase in stroke volume. In healthy 
individuals, a decrease in left ventricular contraction 
initially causes a reduction in stroke volume27 and 
incomplete ventricular chamber emptying. This leads 
to an accumulation of blood in the ventricle at the end 
of diastole (that is, an increase in end diastolic volume), 
which increases the stretch of the ventricles (and, at the 
cellular level, increases myocardial fibre stretch), thereby 
increasing the strength of subsequent ventricular con
traction and increasing stroke volume, which allows the 
emptying of the enlarged left ventricle. However, this 
mechanism falls short in HFrEF when a reduction in 
cardiovascular reserve (that is, the difference between 
the rate at which the heart can pump blood and the 
maximum capacity to pump blood) results in ventricu
lar impairment and reduced ventricular contraction, 
leading to a reduction in stroke volume, cardiac output 
and an increase in end diastolic volume27. Ultimately, 
elevations in end diastolic volume and pressure lead to 
an increase in left atrial pressure and pulmonary venous 
congestion27, which can  clinically lead to dyspnoea and 
other  congestive symptoms.

A fall in cardiac output due to ventricular impair
ment leads to several compensatory mechanisms that 
are initially adaptive in order to promote an increase in 
cardiac output and to maintain endorgan perfusion. 
These mechanisms include neurohormonal activation 
of the sympathetic nervous system (SNS) and the renin– 
angiotensin–aldosterone system (RAAS29; FIG.  3). 

Although neurohormonal activation is initially benefi
cial in maintaining cardiac output, the chronic activation 
of these systems can be maladaptive, and can result in 
pathological ventricular remodelling and in a worsen
ing of heart failure29. Longstanding sympathetic activity 
results in the downregulation of βadrenergic receptors 
on cardiomyocytes, which contributes to decreased myo
cardial sensitivity to catecholamines and an associated 
reduced inotropic response, which reduces ventricular 
contractility29. In addition, chronic SNS activity leads 
to tachycardia (increased heart rate) and arrhythmias 
that may lead to further clinical deterioration or even to 
sudden cardiac death. Chronic activation of the RAAS 
leads to prolonged increases in the levels of angiotensin II 
and aldosterone, which initiate pathological processes, 
including myocyte hypertrophy and interstitial fibrosis, 
both of which are hallmarks of pathological ventricular 
remodelling (see below)31.

In a counterbalance to the deleterious chronic neuro
hormonal activation, counter regulatory factors, 
includ ing the natriuretic peptides, bradykinin and prosta
glandins, are upregulated29,32. Circulating natri uretic 
 peptides (BNP; also known as brain natriuretic pep
tides) counterbalance the deleterious effects of chronic 
RAAS and sympathetic activation by promoting natri
uresis (the excretion of sodium in the urine), in addition 
to vasodilation and diuresis. Despite increased circulating 
levels of natriuretic peptides as heart failure progresses, 
their effects become attenuated. Reasons for this include 
the reduced availability of the active natriuretic peptide 
forms, reduced endorgan response and overactivation 
of the RAAS and SNS32.

Cardiac remodelling. Cardiac remodelling refers to 
structural changes to the myocardium that occur in 
response to haemodynamic alterations, neurohormo
nal activation and myocardial injury, which are initially 
adaptive but can lead to the development and progression 
of HFrEF29.

Indeed, myocardial hypertrophy develops in patients 
with HFrEF in response to a sustained increase in wall 
stress from either ventricular dilation or excessive after
load, in an attempt to maintain adequate stiffness and 
elevation in ventricular end diastolic pressure, which 
leads to an increase in left atrial pressure, an elevation 
in pulmo nary venous pressures and dyspnoea29. Other 
 factors that can lead to pathological ventricular remodel
ling and the clinical manifestations of heart failure 
include myocardial fibrosis, necrosis and inflammation33. 
The identification and treatment of the early ventricular 
remodelling process might provide novel therapeutic 
 targets to prevent disease progression34.

Diagnosis, screening and prevention
The diagnosis of heart failure can be challenging, 
 particularly in its early stages. The signs and symptoms 
can be nonspecific and closely overlap those of other 
conditions, such as lung disease, obesity, hypothyroid
ism and anaemia. Transthoracic echocardiography 
(TTE) is frequently used to determine the presence of 
systolic and/or diastolic dysfunction, which can confirm 

Box 1 | Factors leading to acute heart failure

Medical factors
• Changes to cardiac medications (such as negative 

inotropes, including β-blockers or non-dihydropyridine 
calcium channel blockers)

• Accelerated or uncontrolled hypertension

• Ischaemia

• Valvular disease

• Unstable arrhythmia

• Endocrine abnormalities

• Infections

• Anaemia

• Pregnancy

• Pulmonary embolus

Psychosocial factors
• Noncompliance with:

 - Sodium restriction
 - Fluid restriction
 - Medication use
 - Daily weight checking

• Poor insight into illness

• Poor access to medications or health care owing to cost 
or physical condition

• Alcohol or illicit drug use

• Over-the-counter drugs, such as NSAIDs, herbal 
supplements, and dietary and weight loss supplements
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a diagnosis of HFrEF (when ejection fraction is ≤40%). 
TTE is also helpful for the determination of valvular 
function, the presence of left ventricular hypertrophy 
and the degree of pulmonary hypertension, among 
other parameters that can help to guide further manage
ment. Additional techniques, such as the evaluation of a 
patient’s medical history, physical examination, and the 
use of biomarkers, imaging and physiological record
ings of the heart can be used to determine the aetio
logy of heart failure, the presence of congestion and/or 
hypo perfusion, and prognostic factors. Early diagnosis 
and initiation of treatment are crucial to favourably 
affect outcomes.

Medical history and physical examination
The initial medical history of a patient should include 
the identification of risk factors and both cardio vascular 
and noncardiovascular precipitating factors of heart 
failure (BOX 1), in addition to the presence of comorbid 
conditions (FIG. 4). A family history of sudden cardiac 
death or clinical heart failure can help to identify genetic 
or familial cases. Medical history can be used to iden
tify the symptoms of congestion (that is, the presence 
of dyspnoea on exertion, paroxysmal nocturnal dysp
noea, orthopnoea, weight fluctuations and/or oedema) 
and hypoperfusion (such as exercise intolerance, 
fatigue, decreased mentation and cold intolerance)2,35. 
At this stage, assessment of the patient’s medications 
can identify therapies that could exacerbate heart fail
ure, and the removal of these medications could be a 
therapeutic option. Taking the patient’s medical history 
can identify factors that could affect prognosis, such as 

cardiac cachexia, implantable cardioverter defibrillator 
(ICD) shocks or whether the patient has been previ
ously admitted to hospital for heart failure2. In addition, 
ischaemic symptoms (such as the presence of chest pain 
or pressure), arrhythmia (such as palpitations) and 
sleepdisordered breathing, which can exacerbate heart 
failure, can be identified2. The patient’s diet should also 
be assessed2.

The initial physical evaluation of the patient should 
begin with a careful assessment of vital signs (that is, 
temperature, pulse, blood pressure and respiratory rate). 
Further physical evaluations should confirm the pres
ence of congestion (for example, through the presence of 
oedema and ascites) and should assess cardiac output (for 
example, blood pressure assessment and measurement 
of the temperature of extremities)36 (BOX 2). In the acute 
setting, physical examination should be used to deter
mine the haemodynamic classification of the patient to 
aid both management and prognostication37 (FIG. 5).

Laboratory testing
In addition to physical examination of the patient, the 
diagnostic approach should include electrocardio
graphy, which can provide information about ischaemia, 
rhythm and conduction36 and which can help to guide 
treatment, and should also include routine laboratory 
evaluation. Laboratory evaluation can include the assess
ment of renal function (using blood urea nitrogen  levels, 
creatin ine levels and the measurement or estimation of 
the glomerular filtration rate) and the measurement 
of serum potassium levels, which can have therapeutic 
implications and be used to identify reversible aetio
logies of heart failure (such as thyroid abnormalities and 
electrolyte disturbances). Other laboratory tests, such as 
those aimed at ruling out alternative aetiologies of heart 
failure, should be individualized based on the patient’s 
history and clinical presentation2.

Further laboratory evaluation can include the use 
of cardiac biomarkers, which have changed the land
scape of diagnosis and prognosis determination in 
patients with heart failure. The most commonly used 
biomarkers are the natriuretic peptides, such as BNP 
and Nterminalpro BNP (NTproBNP). Natriuretic 
peptides have a class I recommendation for both the 
diagnosis of acute heart failure and the establishment of 
prognosis in chronic heart failure38. Indeed, the presence 
of BNP and NTproBNP levels that are within normal 
limits in an untreated patient essentially rules out heart 
failure39,40. Conversely, increases in the levels of natri
uretic peptides can be observed irrespective of volume 
status in patients with advanced age and in patients with 
noncardiac conditions, such as renal insufficiency, 
anaemia, chronic obstructive pulmonary disease and 
pulmonary hypertension38. For patients who are at risk 
of developing heart failure, screening for levels of natri
uretic peptides might help to guide the early initiation 
of therapy, thus preventing the onset of left ventricular 
dysfunction or of new clinical heart failure38.

Genetic testing can be used to identify the cause of 
some precipitating factors of HFrEF, such as unexplained 
cardiomyopathies or congenital syndromes with cardiac 

Figure 2 | Pathophysiology of heart failure. Initial myocardial insult leads to 
downstream deleterious effects at the myocardial, neurohormonal and endothelial 
levels, ultimately resulting in progressive pump failure, symptoms of heart failure and 
sudden cardiac death. Initial myocardial injury causes a compensatory upregulation of 
the sympathetic nervous system (SNS) and the renin–angiotensin–aldosterone system 
(RAAS). Although this can be beneficial in the short term to maintain myocardial 
contractility and cardiac output, the chronic activation of these systems leads to 
deleterious secondary effects, including left ventricular (LV) remodelling, myocardial 
fibrosis and apoptosis. Pathological endothelin and cytokine upregulation can also occur, 
which has consequences such as vasoconstriction. Ultimately, the activation of these 
systems leads to worsening heart failure. ANP, natriuretic peptide A (also known as atrial 
natriuretic peptide); BNP, natriuretic peptide B; CHF, congestive heart failure; NOS, nitric 
oxide synthase; ROS, reactive oxygen species. Adapted with permission from REF. 176, 
Macmillan Publishers Ltd.
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involvement. In addition, testing can identify people 
who are noncarriers, which can decrease the need for 
clinical followup, costs and psychological stress41,42. The 
role of endomyocardial biopsy is limited but is recom
mended in clinical situations in which the aetiology of 
newonset or complex HFrEF is unclear or unresponsive 
to conventional care, or is associated with haemo dynamic 
collapse or when biopsy results might considerably 
alter management43.

Other testing
TTE is readily available and can provide information 
to aid the diagnosis and management of patients with 
HFrEF. A baseline 2D TTE is recommended in patients 
with suspected heart failure and should be repeated in 
those with worsening symptoms2. However, routine 
repeated echocardiography in patients with no change 
in clinical status or therapy has no clear role. Findings 
from 2D TTE in patients with HFrEF, aside from reduced 
ejection fraction, might include atrial and ventricular 
chamber dilatation or hypertrophy, valvular dysfunc
tion, pericardial pathology and elevated ventricular 
 filling pressures3,44–46.

Transoesophageal echocardiogram can be used 
when the images produced by TTE are inadequate for 
better visualization of complex valvular abnormalities, 
and when it is necessary to rule out intracardiac throm
bus or an infectious source contributing to heart fail
ure44. Stress echocardiogram and nuclear stress testing 
(that is, when a radioactive tracer is used to evaluate 
blood flow to the heart at rest and after exercise or the 
use of medication) can be used to rule out ischaemia 
as a precipitating cause of heart failure, and pharmaco
logical stress testing such as dobutamine stress echo
cardiography (that is, when pharmacological treatments,  

commonly vasodilators, are used to evalu ate blood flow 
to the heart after exercise) may aid the assessment of 
the severity of aortic stenosis in  individuals with poor 
ventricular function47.

Chest Xray is limited by low sensitivity and specifi
city for detecting pulmonary congestion48, as substantial 
left ventricular dysfunction and volume overload can 
exist in the presence of a normal radiographic study49. 
However, chest Xray remains an important component 
of evaluation as it helps to detect cardiac enlargement 
and noncardiac pulmonary pathology that can influ
ence clinical presentation. Singlephoton emission CT 
or PET imaging can be used to assess the presence of 
ischaemia and myocardial viability50. Cardiac magnetic 
resonance is considered the gold standard for the assess
ment of myocardial volumes, mass and wall motion, 
and, importantly, it is useful for determining the aetio
logy of cardiomyopathy by identifying the presence of 
 inflammation, fibrosis and infiltrative pathology51.

Cardiopulmonary exercise testing can help to corre
late the symptoms of dyspnoea and fatigue with meta
bolic, cardiovascular and pulmonary responses to 
exercise. Using treadmill or bicycle protocols and gas 
exchange analysis, the results of cardiopulmonary exer
cise testing are important components of the algor ithm 
for the determination of candidacy for advanced thera
pies, such as mechanical circulatory support and cardiac 
transplantation52,53. A threshold of peak exercise oxygen 
consumption of 10–12 ml per kg per min in patients 
who achieve their anaerobic threshold is considered a 
criterion for advanced therapies53. Several other para
meters, including respiratory exchange ratio and venti
lator response measured by VE:VCO2 ratio, provide 
additional prognostic information54.

Although the routine use of pulmonary artery cath
eters is not recommended for the diagnosis of HFrEF, 
these catheters can be useful for some patients, such as 
for patients with cardiogenic shock and in those for 
whom the management of severe heart failure requires 
ino tropic, vasodilator or vasoactive therapy. Pulmonary 
artery catheters are also helpful in the diagnosis and differ
entiation of pulmonary hypertension, and in the consid
eration of heart transplant candidacy55. However, perhaps 
the most important use of pulmonary artery catheters  
is for patients with an uncertain  haemodynamic status2.

Staging
The classification and staging of heart failure is  crucial 
for the diagnosis and management of patients. The 
American College of Cardiology Foundation (ACCF) 
and American Heart Association (AHA) have deter
mined a staging system with the earliest stages including 
patients at risk of developing heart failure, thereby high
lighting an appreciation of risk factor modification in the 
prevention of the onset of clinical heart failure2 (TABLE 1). 
In a populationbased, crosssectional study, 32% of 
patients had no risk factors for heart failure, approx
imately 22% of patients were stage A, 34% were stage B, 
12% were stage C and 0.2% were stage D, with survival 
decreasing considerably with the advancing stages 
of disease56. Patients can be further classified by their 

Figure 3 | Compensatory mechanisms in early heart failure. Myocardial insult leads 
to compensatory activation and uthe pregulation of neurohormones, including the 
activation of the sympathetic nervous system (SNS), which results in increased heart rate 
and contractility. Concomitant activation of the renin–angiotensin–aldosterone system 
(RAAS) also occurs, and arginine vasopressin is released from the posterior pituitary 
gland. This leads to sodium and water retention, enhanced peripheral vasoconstriction, 
increased myocardial contractility, increased blood volume, increased systemic vascular 
resistance, and acute restored cardiac output and blood pressure31. Over time, 
pathological increases in these pathways lead to worsening heart failure.
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functional status using the New York Heart Association 
(NYHA) functional classification system57. The NYHA 
system ranges from patients with no symptoms related 
to heart disease to those with mild, moderate and severe 
symptoms (TABLE 1). Despite intraobserver variability, 
this system is broadly accepted and easy to apply58. 
Conventionally, ACCF and AHA stages are progressive 
and patients can only be characterized as progressing to 
higher stages, which are associated with increasing mor
tality. Conversely, the patient’s NYHA class can change 
on the basis of their symptoms within short periods 
of time2.

Prevention
As mentioned above, the ACCF and AHA system can be 
used to identify patients who are at risk of heart failure 
progression, and highlights the use of risk factor modifi
cation in the early, asymptomatic stages of disease (that is, 
stage A and stage B), to prevent later stages of heart fail
ure progression. Great emphasis is placed on the identifi
cation, prevention and treatment of conditions that lead 
to clinical heart failure, including hypertension, hyper
lipidaemia, diabetes mellitus, obesity and smoking2. For 
patients in stage A, the specific aims are to prevent the 
development of cardiovascular disease and the develop
ment of ventricular structural abnormalities by address
ing risk factors, as well as by providing counselling for 
appropriate dietary and exercise modifications, whereas 
for patients in stage B, the main aims are to prevent the 
development of further cardiac remodelling and symp
tomatic heart failure through the appropriate initiation 
of heart failurespecific therapies and interventions when 
indicated. In patients with increased cardiovascular risk 
(such as patients >75 years of age, those with a known 
vascular disease, chronic renal disease or a Framingham 
risk score of >15%), blood pressure should be maintained 
below 130/80 based on new clinical trial data59 and the 
latest guidelines38.

Management
The objectives of the treatment of patients with heart fail
ure are mainly focused on the improvement of symptoms 
and the quality and duration of life. In addition, another 
goal is the prevention of hospitalization associated with 
heart failure, as the need for frequent hospital admission 
indicates the progression of disease and an increased risk 
of death60. The management of patients with heart failure 
is often multifactorial and can include pharmacological 
therapies (TABLE 2), the implantation of medical devices 
and cardiac transplantation.

Pharmacological therapy
Algorithms for the management of patients with HFrEF 
are available in guideline statements by the ACCF, the 
AHA and the Heart Failure Society of America (HFSA) 
(FIG. 6), as well as the European Society of Cardiology2,38,60,61 
(FIG. 7).

Over the past three decades, several controlled  trials 
have demonstrated improved survival and reduced 
hospitalizat ion risk in patients with HFrEF who have 
been treated with RAAS inhibitors and βadrenergic sys
tem modulation. Current guidelines2,38,60,61 recommend 
the treatment of all patients with symptomatic HFrEF 
with an angiotensinconverting enzyme (ACE) inhibitor, 
a βblocker and a mineralocorticoid antagonist. Patients 
who cannot tolerate ACE inhibitors should be prescribed 
an angiotensin receptor blocker60. Observational studies 
conducted in different countries show that the prescrip
tion of these drugs in the daily clinical practice of cardio
logists is appropriately adherent to current guidelines but 
that most patients receive a suboptimal dose62. One study 
showed the superiority of sacubitril/valsartan (an angio
tensin II receptor–neprilysin inhibitor) to enalapril 
(an ACE inhibitor) for reducing cardiovascular death, 

Figure 4 | Comorbidities and heart failure. Several comorbidities are commonly 
observed in patients with heart failure, including cardiovascular and non-cardiovascular 
disorders. These comorbidities can be inciting events for the development of heart 
failure, can complicate the diagnosis and management of heart disease, and can 
exacerbate symptoms, worsen the severity of heart failure and obstruct a patient from 
seeking care or complying with their treatments. In a cross-section of 122,630 patients 
with heart failure who were ≥65 years of age, nearly 40% had ≥5 comorbid conditions, 
accounting for 81% of total hospital days177. These trends in patients with a high burden 
of comorbidities are observed in patients with heart failure with reduced ejection 
fraction (HFrEF) and in patients with heart failure with preserved ejection fraction177. 
Approximately one-third of patients with heart failure also have chronic obstructive 
pulmonary disease, which is an independent predictor of mortality in HFrEF178. 
The concomitant presence of anaemia increases mortality178, and is found at a higher 
prevalence in patients with heart failure and worsened renal function. Diabetes mellitus 
is present in ~40% of patients with heart failure and is associated with an increased risk of 
morbidity and mortality178. Interestingly, diabetes mellitus and heart failure seem to have 
a bidirectional relationship, as diabetes mellitus can lead to left ventricular dysfunction 
and heart failure179, and heart failure increases the risk of developing diabetes mellitus180. 
Renal dysfunction is highly prevalent in patients with various degrees of left ventricular 
dysfunction and is an established risk factor for increased mortality in patients with heart 
failure178. Other common comorbidities include obesity, sleep-disordered breathing, 
depression, iron deficiency178 and thyroid disorders181. The presence of comorbidities, 
particularly in elderly patients, complicates diagnosis and treatment with incompletely 
understood underlying mechanisms and pathophysiology, leading to a crucial need for 
further characterization and study. Adapted with permission from REF. 17, Elsevier.

Causation

Obstruct
seeking

care
Exacerbation

Obstruct
compliance

Mask
symptoms

Infections 

• Depression
• Cerebrovascular disease
• Alzheimer disease
• Dementia
• Arthritis or back disorders
• Ocular disorders
• Osteoporosis

• Depression
• Dementia
• Cerebrovascular
 disease
• Alzheimer
 disease

• Hypothyroidism
• Chronic lung 
 disease
• Asthma
• Obesity
• Liver disease

• Hypertension
• Chronic kidney disease
• Coronary artery disease
• Diabetes mellitus
• Anaemia
• Thyroid disorder
• Sleep apnoea
• Atrial fibrillation
• Valvular disease

Nature Reviews | Disease Primers

P R I M E R

NATURE REVIEWS | DISEASE PRIMERS  VOLUME 3 | ARTICLE NUMBER 17058 | 7

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



hospitalization for heart failure and allcause mortality, 
sudden cardiac death and death due to worsening heart 
failure63. In addition, treatment with sacubitril/ valsartan 
was associated with fewer symptoms and physical 
limita tions associated with heart failure than enalapril. 
Collectively, these findings suggest that a chronic, toler
ated treatment with ACE inhibitors can be replaced with 
sacubitril/valsartan treatment and that sacubitril/valsartan 
should be considered for use in all patients unless  specific 
contraindications or documented intolerance exist.

Other pharmacological treatments for HFrEF include  
Ifchannel inhibitors, diuretics and anticoagulants 
(TABLE 2). Several factors can influence the choice of treat
ment, including left ventricular ejection fraction, race 
and heart rate (FIGS 6,7). Several studies have demon
strated a lack of benefit or, in some cases, a detrimental 
effect associated with the use of certain pharmacological 
treatments in patients with HFrEF. Consequently, the 
use of statins64,65, renin inhibitors66, diltiazem or verapa
mil67, glitazones68, NSAIDs and COX2 inhibitors69 is not 
 recommended for use in symptomatic patients.

In the past 20 years, the adoption of treatments in 
clinical practice recommended by guidelines has been 
clearly associated with a reduction in the rates of death 
and hospitalization70. Newer targets for therapy could 
further improve the outcome profile of highrisk patients.

Non-pharmacological therapies
Nonpharmacological strategies for the treatment of 
chronic HFrEF should be considered when patients 
remain symptomatic despite appropriate pharmacological 
treatments. Exercise training or regular physical activity 
is recommended for patients who are able to participate, 
and cardiac rehabilitation can be useful in clinically stable 
patients with heart failure to improve functional status, 
quality of life and mortality2.

Medical devices
ICDs. Patients with HFrEF, particularly those with mild 
symptoms, even if they are treated with an optimized 
medical therapy, can suddenly die, and this sudden death 
is generally due to ventricular arrhythmias71. The use of 
ICDs in combination with optimal pharmacological 
therapy reduces the risk of sudden arrhythmic death in 
patients with HFrEF irrespective of aetiology72–76 (FIG. 8). 
Indeed, European and American guidelines61,77 recom
mend the use of ICDs in patients with symptomatic 
HFrEF (that is, stage C and stage D) with an ejection 
fraction of ≤35% despite ≥3 months of optimal pharma
cological therapy, provided that the patient is expected 
to survive >1 year with good functional status. An ICD 
is also recommended for patients with HFrEF who have 
recovered from a ventricular arrhythmia that caused 

Box 2 | Physical examination

Several parameters are evaluated as part of the physical examination 
of patients with suspected heart failure with reduced ejection fraction. 
Physical examination can identify the aetiology of heart failure, 
can identify prognostic factors and can provide information about 
patient management.

Blood pressure (both supine and upright)
Assessment of orthostatic blood pressure provides insights 
into intravascular volume status and the need for medication 
adjustments.

• The presence of hypertension can provide insights into the aetiology 
of heart failure and can identify additional targets for therapeutic 
intervention

• Hypotension might indicate overmedication, hypovolaemia or disease 
progression

• Low pulse pressure might indicate a low cardiac output: a proportional 
pulse pressure (the difference between systolic and diastolic pressures) 
of <25% suggests a cardiac index of <2.2 l/min/m2 (REF. 170)

• Valsalva manoeuvre (a forceful attempted exhalation against a closed 
airway) may be used to indicate the presence of altered arterial 
pressures, which can suggest systolic dysfunction171

Heart rate and pulse assessment
• Assessment of heart rate and the identification of bradycardia or 

tachycardia or other irregularities can provide insight into the aetiology 
and management of heart failure

• Assessment of pulse rate might indicate the presence of arrhythmias

Weight assessment
• Assessment of a patient’s weight can aid intravascular volume 

status assessment, can help with adjustments in diuretic 
management, can identify contributing causes (such as obesity) 
and can indicate prognosis (for example, cachexia can correspond 
to poor prognosis)

Assessment of congestion and perfusion
• Evaluation of the jugular venous pressure (at rest and following 

abdominal compression) is the most useful finding from physical 
examinations to identify congestion

• Examination of a patient’s extremities can detect oedema (which can 
indicate congestion) and poor perfusion (cool temperatures can indicate 
poor capillary refill)172

• Assessment of respiratory rate, rales (abnormal lung sounds, such as 
crackling, when breathing) and pleural effusion; in advanced chronic 
heart failure, rales are often absent despite major pulmonary congestion, 
but their absence does not rule out elevated pulmonary pressures173–175

• The presence of hepatomegaly and/or ascites is usually a marker of 
elevated filling pressures and thus concomitant volume overload. 
An enlarged or pulsatile liver might suggest hepatic congestion

• The presence of a hepatojugular reflux can indicate venous congestion 
or right ventricular dysfunction

• Many patients, particularly those who are young, might not be 
oedematous despite intravascular volume overload. In obese patients and 
elderly patients, oedema may reflect peripheral rather than cardiac causes

Presence of extra heart sounds and murmurs
• Some heart sounds (such as a third heart sound, S3, a ventricular ‘gallop’ 

heard immediately after the second heart sound) are associated with 
adverse prognosis

• Murmurs might indicate the aetiology of heart failure, such as ventricular 
dilatation or new valvular disease

Other cardiac findings
• An enlarged and displaced point of maximal impulse suggests ventricular 

enlargement

• The presence of right ventricular heave (that is, a palpable pulsation 
of the chest wall) suggests substantial right ventricular dysfunction  
and/or pulmonary hypertension
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haemodynamic instability, and who are expected to sur
vive for >1 year with good functional status61. However, 
ICDs are not recommended in the immediate 40 days 
follow ing a myocardial infarction. In the DANISH 
trial78,79, the use of ICDs did not reduce the rate of long
term allcause mortality compared with usual care in 
patients with symptomatic HFrEF with an ejection frac
tion of ≤35% and without coronary artery disease after 
a median followup of 67.6 months. These findings are 
probably because patients with nonischaemic HFrEF 
who are managed with the best contemporary pharmaco
logical treatments have a low risk of sudden death. For 
this reason, the implantation of ICDs in nonischaemic 
HFrEF should be carefully considered.

Cardiac resynchronization therapy. Cardiac resynchro
nization therapy (FIG. 8) has been shown to improve car
diac performance, to reverse ventricular remodelling and 
to reduce symptoms, morbidity and mortality in symp
tomatic patients with HFrEF and a broad QRS inter
val (indicating abnormal conduction)80–83. Guidelines 
recom mend cardiac resynchronization therapy in 
sympto matic patients with heart failure in sinus rhythm 
with a prolonged QRS duration of ≥130 msec, a morpho
logy of left bundle branch block and an ejection fraction 
of ≤35% despite optimal medical therapy84. If a patient is 
scheduled for an ICD and is in sinus rhythm, a cardiac 
resynchronization therapy–defibrillator combination 
should be considered in a patient with a QRS duration 
of ≥130 msec84 and is indicated if the QRS duration is 
≥150 msec, but is not indicated if the QRS duration 
is <130 msec. As reverse remodelling (that is, the rever
sal of the changes observed due to pathological cardiac 

remodelling) is an important mechanism of action in 
cardiac resynchronization therapy, patients with an 
ischaemic aetiology of HFrEF might show less improve
ment in left ventricular function owing to the presence 
of myocardial scar tissue, which is less likely to undergo 
reverse remodelling83. The efficacy of cardiac resynchro
nization therapy in patients with atrial fibrillation is 
uncertain owing to the conflicting results observed  
in trials85,86.

Advanced heart failure
Advanced, or stage D, heart failure is defined by the 
presence of structural abnormalities of the heart and 
refractory heart failure requiring specialized interven
tions2. Several clinical parameters or a pattern of clin
ical events suggest that a patient has become refractory 
to conventional therapies and management, such as 
the presence of progressive and/or persistent severe 
signs and symptoms of heart failure and recurrent 
hospitaliza tions despite optimized medical, surgical 
and device therapy. Patients with advanced heart fail
ure have severe limitations in exercise tolerance, poor 
quality of life, and high morbidity and mortality. The 
identification of these patients is crucial, as this allows an 
earlier referral to experienced centres and a determin
ation of whether the patient is suitable for advanced 
therapies, such as mechanical  circulatory support and 
cardiac transplantation87.

Mechanical circulatory support. European and 
American guidelines recognize durable mechanical cir
culatory support as an effective strategy as a bridge to 
transplantation (that is, the implantation of a device with 
the intention of heart transplantation when an organ is 
available) or destination therapy (that is, patients who do 
not have the option of cardiac transplantation) in selected 
patients with advanced HFrEF.

Improvements in continuous flow left ventricular 
assist devices (LVADs) have been associated with signifi
cant benefits in quality of life, symptoms and survival 
in patients with severe HFrEF compared with pulsatile 
devices in patients who are dependent on intravenous 
inotropes, who are deteriorating on inotropic support or 
who are repeatedly hospitalized for cardiac decompen
sations88–90. Implantation in ambulatory NYHA class III 
patients is still under evaluation. Indeed, an obser
vational study showed that, in patients who received 
continuous flow LVAD destination therapy who were 
not dependent on intravenous inotropic support, sur
vival with improved functional status and quality of life 
was improved compared with patients who received 
optimal medical therapy, although patients with LVAD 
had a higher rate of adverse events91. Owing to the non 
randomized nature of this study91, further trials are 
needed to define whether patients with milder degrees 
of heart failure benefit from LVAD compared with 
optimal medical therapy. As LVAD treats the deficits of 
abnormal left heart function alone, one of the most chal
lenging issues for patients with advanced heart failure 
remains biventricular failure. Biventricular assist devices 
prov ide an inferior survival, with only 50% of patients 

Figure 5 | Bedside assessment of heart failure clinical profiles. Patients with heart 
failure can be classified according to their haemodynamic profiles. ‘Wet’ and ‘dry’ refer 
to the presence or absence, respectively, of congestion, and ‘warm’ and ‘cold’ refer to 
adequate or impaired perfusion, respectively. As a patient becomes increasingly 
congested, they may display, for example, a third heart sound (S3 gallop) after the second 
heart sound, ascites or they may have elevated jugular venous pressure. As a patient 
becomes cooler, they may display, for example, hyponatraemia, renal dysfunction or 
altered mental status. Adapted with permission from REF. 182, Macmillan Publishers Ltd.
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alive after 1 year92. The availability of a totally artificial 
heart remains one possible solution to this dilemma, 
although this device is only currently approved as a 
bridge to transplantation93,94.

Decisions regarding the implantation of  durable 
device support are complex and multifactorial. Typically, 
the criteria for the implantation of bridgetotransplant 
devices parallel those used for cardiac  transplantation; 
that is, patients with stage D heart failure despite 
guideline directed medical therapy and patients who, 
despite device and surgical management, remain 
severely symptomatic and are at high risk of 1year 
mortality2,94,95. Bridgetotransplant therapy is particu
larly essential in patients for whom the expected waiting 
times for cardiac transplantation might affect survival. 
Patients considered for destination therapy devices are 
those who require mechanical circulatory support but 
who have contraindications to cardiac transplantation 
(such as those with advanced age or those who have 
had a recent malignancy)96. Often, decisions regarding 
longterm mechanical support involve patients with 
chronic HFrEF, which allows for a comprehensive and 
extensive evalu ation process that might not be possible 
in patients with a more acute presentation, such as those 
with cardio genic shock97. In a scenario such as cardio
genic shock, if the severity of the cardiac dysfunction 
precludes weaning the patient off temporary mechan
ical support and if endorgan dysfunction (includ
ing neuro logical recovery) is thought to be reversible, 
patients can be considered for longterm mechanical 
circulatory support98. The US Centers for Medicare and 
Medicaid Services have issued a statement regarding 
decision making for coverage of the implantation of 
ventricular assist devices99,100. Early referral and pre
operative risk assessment are crucial for patients who 
require mechanical circulatory support, and this requires 

a comprehensive evaluation of comorbidities and right 
ventricular function, which is a crucial parameter for 
shortterm and longterm survival97. The Interagency 
Registry for Mechanically Assisted Circulatory Support 
(INTERMACS) classifi cation helps to differentiate the 
level of severity of patients with class III or class IV heart 
failure, which has  prognostic implications100.

The use of continuous flow LVAD implantations 
has increased since 2010 (REF. 92). In the United States, 
2,642 devices were implanted in 2013, of which 1,152 
were implanted as destination therapy92. Among 
patients undergoing bridgetotransplantation during 
2013–2014, 31% received a cardiac transplantation 
within 1 year92. Compared with pulsatile devices, con
tinuous flow LVADs have fewer complications, such 
as pump dysfunction, infection, right ventricular fail
ure and renal dysfunction88 (FIG. 8). Pump exchange 
due to device malfunction or thrombosis is ~9% dur
ing the first year postimplantation92. Recently, com
pared with an axial flow pump, a new magnetically 
levitated centri fugal continuous flow pump has been 
shown to be associated with a lower rate of reoperation 
for pump malfunction, owing to suspected or confirmed 
pump thrombosis leading to surgical pump exchange or 
to urgent transplantation101. Survival with continuous 
flow LVADs is 80% at 1 year and 70% at 2 years92. In one 
study, approximately 30% of patients with INTERMACS 
levels 2–7 who received either a continuous flow LVAD 
or a biventricular assist device were free from the com
bined event of infection, bleeding, device malfunc
tion, stroke or death at 12 months92. Compared with 
data from the United States, the European Registry for 
Patients with Mechanical Circulatory Support reports a 
1year, 2year and 3year survival of 72.5%, 62.8% and 
60.9%, respectively, in 583 adult patients implanted with 
a continuous flow LVAD102.

Table 1 | Comparison of ACCF and AHA stages of heart failure with NYHA functional classifications

ACCF 
and AHA 
stage

Description of ACCF 
and AHA stage

NYHA 
functional 
classification

Description of functional classification

A At high risk of heart failure 
but without structural 
heart disease or symptoms

None NA

B Structural heart disease 
but without signs or 
symptoms of heart failure

I No limitation of physical activity; ordinary physical activity 
does not cause symptoms of heart failure

C Structural heart disease 
with prior or current 
symptoms of heart failure

I No limitation of physical activity; ordinary physical activity 
does not cause symptoms of heart failure

II Slight limitation of physical activity; comfortable at rest, but 
ordinary physical activity results in symptoms of heart failure

III Marked limitation of physical activity; comfortable at rest, but 
less than ordinary activity causes symptoms of heart failure

IV Unable to carry on with any physical activity without 
symptoms of heart failure, or symptoms of heart failure at rest

D Refractory heart failure 
requiring specialized 
interventions

IV Unable to carry on with any physical activity without 
symptoms of heart failure, or symptoms of heart failure 
at rest

ACCF, American College of Cardiology Foundation; AHA, American Heart Association; NA, not applicable; NYHA, New York Heart 
Association. Data taken from REF. 2.
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Cardiac transplantation. Heart transplantation offers 
the best quality of life, possibility for socioprofessional 
rehabilitation and the longest survival, and remains the 
best option in eligible patients with advanced heart fail
ure77. Eligible patients include those with stage D HFrEF 
who are either dependent on inotropic support or who 
have a poor performance on cardiopulmonary exercise 
stress testing, despite optimized medical therapy96. These 
data should be coupled with prognostic scores, such as 
the heart failure survival score, and results from right 
heart catheterization. Contraindications for cardiac 
transplantation include patients with morbid obesity, 
irreversible pulmonary hypertension, irreversible renal 
dysfunction, severe cerebrovascular disease, diabetes 
mellitus with endorgan complications, active substance 
abuse, and active or recent malignancy96.

After a plateau of approximately 4,000 per year 
between 2000 and 2010, the number of heart transplan
tations reported in the registry of the International Society 
for Heart and Lung Transplantation (ISHLT) progressively 
increased to 4,746 in 2014 (REF. 103). Patient 1year survival 
is 82% and 5year survival is 69%, with a median survival of 
11 years. The survival of the most recent adult cohorts 
has improved to 86% at 1year post transplantation104. 
The primary causes of mortality vary depending on the 
time following transplantation. For example, mortal
ity at 30 days is mainly related to graft failure (39% of 
cases), followed by multiple organ failure (16% of cases), 
whereas mortality at 1 year is associated with infec
tions (31% of cases) and acute rejection (10% of cases), 
and mortality at 5 years is associated with malignancies  
(19% of cases) and allograft vasculopathy (14% of cases).

New immunosuppressive drugs allow personalized 
regimens to decrease complications, but several compli
cations remain prevalent. Hypertension remains frequent 
(71% of patients at 1 year and 91% at 5 years), as does 
renal dysfunction (25% at 1 year, 51% at 5 years and 68% 
at 10 years) and allograft vasculopathy (8% at 1 year, 
30% at 5 years and 50% at 10 years)105. To increase the 
 number of organs available, the proportion of older 
donors has increased, particularly in Europe. Mean donor 
age increased from 29 in 1994 to 33 years of age in 2014 
(44 years of age in Europe and 32 years of age in North 
America in 2014). To respond to the growing popula
tion of older patients, extended listing criteria have been 
developed to match donors and recipients who are  usually 
excluded from routine transplant programmes103,106.

Patient monitoring
Strategies for the remote monitoring of patients may 
provide a way to assess worsening heart failure with the 
hope of decreasing hospital admissions, avoiding clinical 
deterioration and decreasing mortality107,108.

These strategies include clinical telemonitoring, bio
impedance changes, biomarker approaches and invasive 
haemodynamic monitoring109. Noninvasive methods 
can provide information directly to the patient and to 
clinical databases, or patients can be asked to enter the 
relevant data110, which can include heart rate and rhythm, 
blood pressure, weight and thoracic impedance108. 
Results from telemonitoring trials have been mixed but 
show overall promise108,110–114. Although more sensitive 
than telemonitoring, strategies based on bio impedance 
information have not yielded overwhelmingly positive  

Table 2 | Pharmacological therapies for the treatment of HFrEF

Drug type Examples Mechanism of action*

Angiotensin-
converting 
enzyme inhibitors

Captopril, enalapril, fosinopril, 
lisinopril, perindopril, quinapril, 
ramipril and trandolapril

Inhibit the conversion of angiotensin I to angiotensin II, and 
upregulate bradykinin, thereby counteracting the overactivation 
of the RAAS system and the effects of adverse cardiac remodelling

β-Adrenergic 
blockers

Bisoprolol, carvedilol and 
metoprolol succinate

Selectively inhibit β1 receptors (bisoprolol and metoprolol 
succinate), non-selectively inhibits α1, β1, β2 receptors 
(carvedilol) to counteract the overactivation and deleterious 
effects of the activation of the sympathetic nervous system

Angiotensin 
receptor blockers

Candesartan, losartan 
and valsartan

Inhibit angiotensin II AT1 receptors, thereby counteracting the 
overactivation of the RAAS system and counteracting the effects 
of adverse cardiac remodelling

Mineralocorticoid 
antagonists

Spironolactone and 
eplerenone

Competitively bind to the aldosterone receptor, which 
increases the secretion of water and sodium in the distal tubule, 
and decreases the secretion of potassium

Angiotensin II 
receptor–
neprilysin inhibitor

Sacubitril/valsartan Inhibits neprilysin and blocks angiotensin II receptor; inhibition 
of neprilysin leads to increased circulating levels of natriuretic 
peptides, vasodilation and natriuresis

Hydralazine and 
isosorbide dinitrate

BiDil Arterial and venous vasodilation and a nitric oxide donor 
(isosorbide)

If-channel blocker Ivabradine Inhibits the If node, which slows the sinus nodal rate in patients 
who are in sinus rhythm

Thiazide diuretics Chlorthalidone and 
metolazone

Inhibit the sodium/chloride transporter in the ascending loop 
of Henle, leading to the reduced secretion of free water

Loop of Henle 
diuretics

Ethacrynic acid, furosemide, 
bumetanide and torsemide

Inhibit the sodium, chloride and potassium transporter in the loop 
of Henle, leading to decreased sodium and chloride excretion

HFrEF, heart failure with reduced ejection fraction; RAAS, renin–angiotensin–aldosterone system. *See REF. 29.
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results and thus are currently limited to patients who 
have other indications for implantable devices109,115. 
Other strategies, such as biomarkers, can be remotely 
examined from fingerprick blood samples, but have 
similarly yielded mixed results and require further 
study109. Implantable monitors provide a method for 
measuring invasive haemodynamics. These devices can 
measure heart rate and rhythm, in addition to pulmo
nary arterial or atrial pressures116. One such device 
for invasive remote monitoring is the CardioMEMS 
Champion Heart Failure Monitoring System, a per
manently implantable pulmonary arterial pressure 
measurement system that is designed to wirelessly 
measure and monitor haemodynamics in ambula
tory patients to reduce heart failure morbidity117. This 
device is currently used with the hope of decreasing 
heart failure hospitalizations. Remote monitoring 
in various forms provides a meaningful approach to 
complement traditional ambulatory management of 

patients with heart failure, although these remote 
monitoring strategies have challenges that remain to  
be addressed.

Biomarkers. Several biomarkers of heart failure have 
been identified118. However, the number of biomarker 
assays that can be used to guide clinical management 
remains small because many biomarkers are poorly 
understood, do not provide clinically actionable 
information and there is a lack of wellpowered trials 
 exploring the use of biomarkers for ‘precision’ care119.

Most studies have focused on the natriuretic pep
tides BNP and NTproBNP, which provide prognostic 
information. Levels of BNP and NTproBNP rise due to 
congestion, myocardial remodelling, valvular disease and 
arrhythmia, all of which are potential targets for therapy, 
indicating that natriuretic peptide levels might serve as 
a target for therapy, as guiding therapy to reduce BNP 
or NTproBNP levels might improve outcomes better 

Figure 6 | 2017 ACCF, AHA and HFSA guidelines for the treatment of 
stage C and stage D HFrEF. Angiotensin-converting enzyme inhibitors 
(ACEis), β-blockers and mineralocorticoid antagonists should be 
administered to all patients who present with heart failure with reduced 
ejection fraction (HFrEF). In patients who remain symptomatic despite an 
appropriate use of the drugs mentioned above, who are in sinus rhythm  
and who have a heart rate of ≥70 beats per minute (bpm), ivabradine,  
an If-channel inhibitor, should be considered to reduce the risk of 
hospitalization183. Other drugs include diuretics to treat or prevent the signs 
and symptoms of congestion184, oral anticoagulants in patients with atrial 
fibrillation185, digoxin in certain patients who are still symptomatic despite 
the recommended treatment to reduce the risk of hospitalization186, 
omega-3 polyunsaturated fatty acid to reduce the risk of hospitalization or 
death187. In black patients with heart failure, the addition of combined 
hydralazine and isosorbide dinitrate has been shown to improve survival  

and quality of life2. ACCF, American College of Cardiology Foundation;  
AHA, American Heart Association; ARB, angiotensin receptor blocker; ARNI, 
angiotensin II receptor–neprilysin inhibitor; BP, blood pressure; COR, class 
of recommendation; C/I, contraindication; CrCl, creatinine clearance; CRT, 
cardiac resynchronization therapy; CRT-D, CRT defibrillator; est., estimated; 
GDMT, guideline- determined medical therapy; HFSA, Heart Failure Society 
of America; ICD, implantable cardioverter defibrillator; LBBB, left bundle 
branch block; LVAD, left ventricular assist device; LVEF, left ventricular 
ejection fraction; MI, myocardial infarction; NSR, normal sinus rhythm; 
NYHA, New York Heart Association. *See REF. 38 for important treatment 
directions. ‡The combination of hydralazine and isosorbide dinitrate with 
ARNI has not been robustly tested. Blood pressure response should be 
carefully monitored. §See 2013 heart failure guidelines2. ||Participation in 
investigational studies is also appropriate for stage C, NYHA class II and 
class III heart failure. Reproduced with permission from REF. 38, Elsevier.

Nature Reviews | Disease Primers

Step 1
Establish diagnosis
of HFrEF;
assess volume;
initiate GDMT

Step 2
Consider the
following
patient
scenarios

Step 5
Consider 
additional
therapy

Step 4
Reassess
symptoms

Step 3
Implement
indicated
GDMT

LVAD§

(COR IIa)
Transplant§

(COR I)
Palliative care§

(COR I)
Investigational

studies||

Continue GDMT with serial reassessment and optimized dosing and adherence

Symptoms
improved

ACEi or ARB and GDMT
β-blockers; diuretics

as needed (COR I)

HFrEF
 NYHA class I–IV

(stage C)

NYHA
class II–IV,

in black
patients

NYHA class II–IV,
LVEF ≥35%;

(caveat: >1-year survival,
>40 days post-MI)

NYHA class II–III,
LVEF ≤35%; NSR

and QRS ≥150 msec
LBBB pattern

NYHA class II–III, NSR,
heart rate ≤70 bpm

on maximally tolerated
dose of β-blocker

NYHA class II–IV,
provided est.

CrCl >30 ml/min
and K+ <5.0 mEq/l

NYHA class II–III HF
Adequate BP on 

ACEi or ARB*; no C/I
to ARB or sacubitril

Aldosterone
antagonist

(COR I)

Discontinue ACEi
or ARB; initiate
ARNI* (COR I)

Hydral-nitrates‡

(COR I)
ICD§

(COR I)
CRT or CRT-D§

(COR I)
Ivabradine
(COR IIa)

Refractory NYHA
class III–IV (stage D)

Class I Class IIa

P R I M E R

12 | ARTICLE NUMBER 17058 | VOLUME 3 www.nature.com/nrdp

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



than the ‘onesizefitsall’ approach to care that is cur
rently in place. However, the results from natriuretic 
peptideguided trials have been mixed120, which might 
be because many trials have been small or have had a 
mixture of target BNP and NTproBNP values as the 

target for guiding therapy. Nonetheless, the hetero geneity 
of results suggests a path forwards, and trials in which 
the primary end point was achieved — that is, a sub
stantial reduction in BNP or NTproBNP levels — typi
cally had an improvement in outcomes120. For example, 
NTproBNPguided care (with a goal of decreasing levels 
to <1,000 pg per ml) was associated with a 56% reduc
tion in the composite of heart failure hospitalization or 
worsen ing symptoms (P < 0.001)121,122, and lowering the 
levels of NTproBNP led to reverse remodelling123.

Biomarkerguided trials are distinct from drug  trials, 
and challenges in trial design frequently lead to dis
appointing results. In an acute heart failure trial, patients 
who were randomized to the NTproBNP reduction 
arm (which aimed to reduce NTproBNP levels by >30% 
before discharge) showed no advantage in mortality 
and heart failure readmissions 180 days later compared 
with patients who received usual care. In patients with 
chronic heart failure, one trial124 was terminated owing 
to futility in achieving a difference between NTproBNP
guided therapy and usual care. Whether this was due to 
more aggressive than normal care in the usual care arm 
or clinician unwillingness to titrate therapies despite an 
increased NTproBNP level or a lack of added utility of 
biomarkers needs to be investigated.

Beyond the natriuretic peptides, few biomarker 
candidates are ready for consideration for personaliz
ing care. Markers of fibrosis such as galectin 3 and ST2 
(also known as soluble interleukin 1 receptorlike 1) 
seem to provide prognostic information beyond BNP 
and NTproBNP levels125,126, but data are lacking about 
their additive value for therapy decision making. 
Importantly, levels of ST2 provide information regard
ing the risk of death and heart failure hospitalization 
when measured serially126,127 and also respond to vari
ous heart failure therapies128, whereas galectin 3 levels 
do not126,129. However, biological variability is apparent in 
levels of several established biomarkers in both healthy 
individuals and patients with chronic heart failure, with 
large variations in the levels of NTproBNP and smaller 
variations in the levels of ST2 and galectin 3. Further 
understanding of these variations will be important to 
guide interpretation130.

Disease management programmes
Several current heart failure guidelines stress the 
importance of a disease management approach for 
the optimal management of these patients. A disease 
manage ment approach includes several key elements, 
such as a coordin ated system of care, delivery system 
support (such as home visits and telecare), support for 
patient selfcare, the identification of atrisk popula
tions, a continual feedback loop between patients and 
care providers, measures of clinical and other outcomes, 
and improving overall health131. Disease management 
programmes have been shown to reduce heart failure 
hospitalizations and mortality in patients discharged 
from hospital after an acute decompensation episode 
(that is, a sudden worsening of the symptoms of heart 
failure)132–134. In a metaanalysis and a Cochrane analysis, 
the effects of multidisciplinary heart failure clinics were 

Figure 7 | European Society of Cardiology 2016 guidelines for the treatment of 
patients with symptomatic HFrEF. Green boxes indicate class I recommendations and 
yellow boxes indicate class IIa recommendations. aSymptomatic heart failure is defined 
as New York Heart Association (NYHA) class II–IV (TABLE 1). bLeft ventricular ejection 
fraction (LVEF) of 40% is sufficient for the classification of heart failure with reduced 
ejection fraction (HFrEF). cIf an angiotensin-converting enzyme inhibitor (ACEi)  
is not tolerated or contraindicated, use an angiotensin receptor blocker (ARB). 
dIf a mineralocorticoid receptor (MR) antagonist is not tolerated or contraindicated, 
use an ARB. eWith a hospital admission for heart failure within the past 6 months or 
with increased levels of natriuretic peptides (natriuretic peptide B (BNP) levels of 
>250 pg per ml or N-terminal-pro BNP (NT-proBNP) levels of >500 pg per ml in men and 
750 pg per ml in women). fWith an increased plasma natriuretic peptide level (BNP level 
of ≥150 pg per ml or plasma NT-proBNP level of ≥600 pg per ml), or if hospitalization for 
heart failure occurred within the past 12 months (plasma BNP level of ≥100 pg per ml or 
plasma NT-proBNP level of ≥400 pg per ml). gIn doses equivalent to enalapril 10 mg b.i.d. 
hWith a hospital admission for heart failure within the previous year. iCardiac 
resynchronization therapy (CRT) is recommended if there is a QRS duration of ≥130 msec 
and left bundle branch block (LBBB; in sinus rhythm). jCRT should be considered if the 
QRS duration is ≥130 msec with non-LBBB (in a sinus rhythm) or for patients in atrial 
fibrillation, provided a strategy to ensure biventricular capture is in place (individual 
decision). ARNI, angiotensin II receptor–neprilysin inhibitor; HYD-ISDN, hydralazine/
isosorbide dinitrate; HR, heart rate; ICD, implantable cardioverter defibrillator;  
LVAD, left ventricular assist device; OMT, optimal medical therapy; VF, ventricular 
fibrillation; VT, ventricular tachycardia. Reproduced from Ponikowski, P., et al. 2016 ESC 
guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task 
Force for the diagnosis and treatment of acute and chronic heart failure of the European 
Society of Cardiology (ESC) developed with the special contribution of the Heart Failure 
Association (HFA) of the ESC. Eur. Heart J. 2016; 37 (27): 2129–2200. doi: 10.1093/
eurheartj/ehw128,. Reproduced with permission of Oxford University Press on behalf 
of the European Society of Cardiology. Please visit: www.escardio.org.
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separated from other programmes that provided special
ized  followup in a community setting. Programmes in 
a homebased setting were found to be as effective as 
heart failure clinics in reducing mortality and readmis
sions135,136. More than 50 trials have so far evaluated dis
ease management programmes, with mixed results and 
study designs. An optimal model of heart failure disease 
management has not been clearly elucidated and needs 
to be adapted to the relevant health care system, available 
resources and patient needs.

Personalized medicine
Unlike other chronic diseases, HFrEF is treated with
out individualized targets, with an emphasis placed 
on achieving the highest tolerated doses of medical 
therapy. Despite the lack of an accepted method for 
personalizing care, the strategy of titrating therapies 

to the maximally tolerated doses in all patients is prob
lematic, as not all patients respond the same way to the 
same dose. Unfortunately, the optimization of med
ications can be limited by clinical intolerance (such as 
worsening renal failure, orthostatic hypotension and 
complicated comorbidities)2,23.

The achievement of guidelinedirected therapy is 
challenging owing to the need for frequent drug titration 
and skilled clinical assessment to ensure the maximiza
tion of doses in a safe manner. In this regard, the data 
show large gaps in achievement of guidelinedirected 
medical therapy137, often in the highestrisk patients. 
In this context, exploring the means by which therapy 
might be dosed using objective targets and providing 
a guide to the application of such therapy are under
way138. The most wellstudied tools for this approach 
are the use of implantable haemodynamic monitors and 

Figure 8 | Implanted devices for the management of heart failure. a | Implantable cardioverter defibrillators are 
battery-powered devices that are implanted to lower the risk of sudden cardiac death in patients who are at a high risk of 
life-threatening ventricular arrhythmias. These devices monitor the heart rhythm and can deliver electric pulses to correct 
or to restore arrhythmias. b | Cardiac resynchronization therapy using battery-powered implantable devices is used in 
patients with heart failure with reduced ejection fraction with moderate-to-severe symptoms, in whom ventricular 
contraction is dyssynchronous. c | A pulsatile flow left ventricular assist device (LVAD). d | Continuous flow LVAD.  
Part a adapted with permission from REF. 188, Macmillan Publishers Ltd. Part b used by permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. Part c and part d adapted with permission from REF. 189, 
Macmillan Publishers Ltd.
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circulating biomarkers. Although a dialogue regard
ing the individualization of care has begun, such an 
approach is not currently endorsed as standard, and the 
value of personalized strategies for heart failure therapy 
remains debated.

Quality of life
Heart failure affects the quality of life of both patients and 
their families. Indeed, the quality of life of patients with 
heart failure is poor compared with agematched peers 
from the general population and compared with patients 
who have other chronic diseases139,140. All domains of 
quality of life can be affected; for most patients, physical 
health is affected by symptoms and related conditions 
(such as difficulty sleeping, depressive symptoms and 
pain)141, and treatment can affect a patient’s level of inde
pendence and social relationships141. The extent to which 
a patient accepts their heart failure diagnosis and finds a 
way to cope with its consequences has been shown to 
favourably affect their quality of life142,143.

Patientcentred outcomes (such as quality of life) are 
being increasingly incorporated as an outcome in clin
ical trials, particularly as life expectancies for patients 
with HFrEF have increased144,145. Patients place equal or 
more importance on quality of life than on length of life, 
and approximately 50% of patients with heart failure are 
willing to select therapies that improve their quality of 
life even if this leads to a shortening of life146,147, although 
one study found the opposite148. Impaired quality of life 
is associated with a poor outcome in patients with heart 
failure149,150, and improving quality of life, in addition 
to reducing mortality, hospitalizations and improving 
function, is a major aim of treatment61,144. Metaanalyses 
have shown a positive effect of disease management, 
selfmanagement, better coordination of care, pharma
ceutical care and exercise programmes on at least one 
domain of quality of life151–154. These interventions seem 
to be particularly effective for improving outcomes that 
are directly related to heart failure, but it is more difficult 
to affect general quality of life151.

Outlook
Despite substantial advances in the development of drug 
therapies and devicebased therapies for HFrEF, the vast 
majority of patients continue to have a poor prognosis 
and a high mortality risk155. In the PARADIGMHF 
 trials, despite further improvement with the use of 
sacubitril/valsartan, it was sobering to observe the high 
cardiac event rates (such as heart failure associated 
 hospitalization and mortality) in this welltreated patient 
population with class II symptoms, highlighting the 
 crucial importance of continued research63.

Current problems with management
Much work needs to be done to improve the entire 
range of care for patients with heart failure. Increasing 
research has been undertaken to identify patients at a 
high risk of heart failure and to prevent the development 
of heart failure. For patients with manifest heart failure, 
targeting cardiac function, the optimal management of 
comorbidities and developing the best systems of care 

to ensure the optimal use of guidelinedirected care are 
topics of  ongoing research. The importance of restoring 
cardiac function and of improving symptoms, functional 
capacity and clinical outcomes in patients with HFrEF is 
underscored by the current poor  outcomes of patients.

Patients can show variable clinical responses to stand
ard therapies, which raises the possibility of a future 
pharmacogenetic approach to heart failure manage
ment156. In addition, a deeper understanding of the fac
tors related to the development and progression of heart 
failure in individual patients holds promise for a tailored 
approach to diagnosis and personalized treatment.

Although some drugs (such as sacubitril/valsartan) 
can target a secondary neurohormonal imbalance in 
patients with heart failure, a more focused approach 
on other pathophysiological processes (such as energy 
production and cardiac metabolism, myocyte protein 
turnover, mitochondrial function, calcium handling, 
microcirculation and interstitial fibrosis) remains ripe 
for future interventions. The identification of targeted 
therapies that can address special subsets of patients 
with heart failure, including those with genetic poly
morphisms or those with infiltrative diseases, such as 
amyloidosis, also remains a viable option. For new 
thera pies targeting specific pathological alterations, 
a broaden ing of the approach to novel therapeutic 
develop ment in heart failure is required. This may 
include targeting specific subsets of patients, focusing 
more on the pharmacodynamic properties of the novel 
interventions to guide clinical trials, the possible simul
taneous evaluation of combinations of targets and the 
redesign of phase II and phase III clinical trials.

New therapies
Current therapy for HFrEF is mostly focused on second
ary manifestations of cardiac dysfunction, including 
neurohormonal activation, rather than on targeting pri
mary cardiac abnormalities that are responsible for the 
development and the progression of this disease. Newer 
therapies for HFrEF that are being evaluated in clinical 
trials include pharmacological treatments, in addition 
to gene therapy and cellularbased therapies (TABLE 3).

Gene therapy. Viral vectors, particularly adeno 
associated viruses, are the most promising genedeliv
ery tools for a gene therapy approach to heart failure157, 
as these viruses are avidly taken up by cardiomyo
cytes157,158. Although no available viral vectors are exclu
sively taken up in the heart, transcriptional targeting 
using cardiacspecific promoters (such as the myosin 
light chain 2 promoter) can accomplish tissuespecific 
transgene expression159,160. The delivery of viral vectors 
to the heart can be accomplished by infusion into either 
the arterial or the venous coronary circulations, using 
direct injection into the myocardium or by seeding 
the pericardium161.

The recognition of specific alterations in several 
cellu lar pathways in patients with heart failure has 
identi fied novel targets for gene therapy that might 
improve cardiac function. For example, the delivery of 
SERCA2A (also known as ATP2A2; which encodes an 
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enzyme that has a crucial role in regulating calcium flux) 
in cardio myocytes targets calcium homeo stasis162,163. 
Although preliminary studies showed promising results, 
this treatment failed to demonstrate any meaning
ful clin ical improvement in a phase IIb trial that assessed 
 clinical outcomes, which might be related to problems 
in achieving the efficient uptake of the viral vector by 
the myocardium. Another approach to altering calcium 
levels is through the use of S100A1, a cardiac protein that 
enhances the activity of both SERCA2a and the ryano
dine receptor164. Increasing the levels of cAMP through 
the adenylcyclase type VI enzyme is another promising 
target for treating heart failure165.

Cell therapy. The regeneration of the myocardium 
through the delivery of undifferentiated, self renewing 
stem cells might cure heart failure, and several cell popu
lations and delivery methods to achieve this have been 
evaluated. The transdifferentiation of transplanted stem 
cells into cardiac myocytes is possible, as is the formation 
of new blood vessels to augment the nutrient  supply to 
the heart. A more likely mechanism of action is para
crine effects that activate or recruit other stem cells 
in the heart, stimulate new vessel formation, inhibit 
cardio myocyte hypertrophy or apoptosis, and regulate 
 maladaptive extracellular matrix remodelling166.

Although trials investigating cell transplantation 
in heart failure have indicated a favourable efficacy 
with few safety concerns, improvements in cardiac 
function and clinical parameters have been modest166.  
One metaanalysis of 31 independent trials with 1,521  
partici pants showed that stem cell  transplantation 
signifi cantly reduced the risk of heart failure associated  
mortality and hospital readmission, in addition to 
improving other clinical parameters167. However, a con
sider able risk of performance, selection and report
ing bias among the included trials was reported by 
the authors of this analysis. In addition, considerable 
uncertainty remains regarding the most effective cell 
type, dose, route and frequency of administration, and 
regarding methods for enhancing cell retention, long
term survival in the heart and lineage commitment168. 
A promising strategy for enhancing the effects of cell 
therapy involves embedding cells in a natural (such as 
Matrigel, collagen or fibrin) or synthetic peptide bio
material to promote cell engraftment, retention and 
differentiation167,169. Stem cells can be seeded in vitro 
on preformed porous scaffolds before implantation, 
or can be injected simultaneously with biomaterials. 
The incorporation of growth factors in these bio
materials could also help to enhance survival, retention 
and  lineage commitment168.

Table 3 | Current clinical trials in HFrEF

Treatment Proposed mechanism ClinicalTrials.gov  
identifier

Pharmacological treatments

Rivaroxaban Direct oral anticoagulant NCT01877915

Omecamtiv Mecarbil/AMG 423 Small-molecule activator of cardiac myosin NCT02929329

Empagliflozin Sodium/glucose co-transporter 2 (SGLT2) inhibitor NCT03057977

Vericiguat Augments the enzymatic activity of soluble guanylate 
cyclase, leading to increased generation of cGMP, 
and beneficial cardiovascular effects through protein 
kinase G activity

NCT02861534

Dapagliflozin SGLT2 inhibitor NCT03036124

Intravenous ferric carboxymaltose Iron complex that consists of a ferric hydroxide core 
stabilized by a carbohydrate shell, allowing for the 
controlled delivery of iron to target tissues, administered 
intravenously for the treatment of iron deficiency anaemia

NCT03037931

Digitoxin Cardiac glycoside that inhibits the Na+/K+-ATPase 
membrane pump, resulting in increased intracellular 
sodium and calcium concentrations

EudraCT number: 
2013-005326-38

Surgical interventions

MitraClip system Percutaneous device for the treatment of functional 
mitral regurgitation

NCT02444286

MitraClip percutaneous therapy Percutaneous device for the treatment of functional 
mitral regurgitation

NCT01626079

Cell transplantation

Bone marrow-derived mesenchymal 
cardiopoietic cells

Regenerative therapy NCT02317458

Autologous bone marrow-derived 
mononuclear cells

Regenerative therapy NCT01693042

Allogeneic mesenchymal precursor cells Regenerative therapy NCT02032004

EudraCT, European Union Drug Regulating Authorities Clinical Trials; HFrEF, heart failure with reduced ejection fraction.

P R I M E R

16 | ARTICLE NUMBER 17058 | VOLUME 3 www.nature.com/nrdp

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



1. Mann, D. L. in Braunwald’s Heart Disease: A Textbook 
of Cardiovascular Medicine (eds Bonow, R. O., 
Mann, D. L., Zipes, D. P. & Libby, P.) 487–504 
(Elsevier Saunders, 2012).

2. Yancy, C. W. et al. 2013 ACCF/AHA guideline for the 
management of heart failure: a report of the American 
College of Cardiology Foundation/American Heart 
Association Task Force on Practice Guidelines. J. Am. 
Coll. Cardiol. 62, e147–e239 (2013).
A guideline statement from the ACCF and AHA 
addressing diagnostic and treatment considerations 
in patients with acute and chronic heart failure.

3. Lang, R. M. et al. Recommendations for cardiac 
chamber quantification by echocardiography in 
adults: an update from the American Society of 
Echocardiography and the European Association of 
Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 28, 
1–39.e14 (2015).

4. Benjamin, E. J. et al. Heart disease and stroke statistics 
— 2017 update: a report from the American Heart 
Association. Circulation 135, e146–e603 (2017).

5. Dickstein, K. et al. ESC guidelines for the diagnosis  
and treatment of acute and chronic heart failure 2008: 
the Task Force for the Diagnosis and Treatment of Acute 
and Chronic Heart Failure 2008 of the European 
Society of Cardiology. Developed in collaboration 
with the Heart Failure Association of the ESC (HFA) 
and endorsed by the European Society of Intensive 
Care Medicine (ESICM). Eur. Heart J. 29, 2388–2442 
(2008).
A guideline statement from the European Society 
of Cardiology addressing diagnostic and treatment 
considerations in patients with acute and chronic 
heart failure.

6. Weiwei, C. et al. Outline of the report on cardiovascular 
diseases in China, 2014. Eur. Hear. J. Suppl. 18,  
F2–F11 (2016).

7. Huffman, M. D. & Prabhakaran, D. Heart failure: 
epidemiology and prevention in India. Natl Med. 
J. India 23, 283–288 (2010).

8. Okamoto, H. & Kitabatake, A. The epidemiology of 
heart failure in Japan [Japanese]. Nihon Rinsho 61, 
709–714 (2003).

9. Shiba, N. et al. Trend of westernization of etiology and 
clinical characteristics of heart failure patients in Japan 
— first report from the CHART‑2 study. Circ. J. 75, 
823–833 (2011).

10. Damasceno, A. et al. The causes, treatment, 
and outcome of acute heart failure in 1006 Africans 
from 9 countries. Arch. Intern. Med. 172, 1386–1394 
(2012).

11. Dokainish, H. et al. Global mortality variations in 
patients with heart failure: results from the 
International Congestive Heart Failure (INTER‑CHF) 
prospective cohort study. Lancet Glob. Health 5,  
e665–e672 (2017).

12. Levy, D. et al. Long‑term trends in the incidence of 
and survival with heart failure. N. Engl. J. Med. 347, 
1397–1402 (2002).

13. Roger, V. L. et al. Trends in heart failure incidence and 
survival in a community‑based population. JAMA 292, 
344–350 (2004).

14. Barker, W. H., Mullooly, J. P. & Getchell, W. Changing 
incidence and survival for heart failure in a well‑defined 
older population, 1970–1974 and 1990–1994. 
Circulation 113, 799–805 (2006).

15. Lloyd‑Jones, D. M. et al. Lifetime risk for developing 
congestive heart failure: the Framingham Heart Study. 
Circulation 106, 3068–3072 (2002).

16. Krumholz, H. M. Readmission after hospitalization for 
congestive heart failure among Medicare beneficiaries. 
Arch. Intern. Med. 157, 99–104 (1997).

17. Giamouzis, G. et al. Hospitalization epidemic in patients 
with heart failure: risk factors, risk prediction, 
knowledge gaps, and future directions. J. Card. Fail. 17, 
54–75 (2011).

18. Ross, J. S. et al. Recent national trends in readmission 
rates after heart failure hospitalization. Circ. Heart Fail. 
3, 97–103 (2010).

19. Roger, V. L. Epidemiology of heart failure. Circ. Res. 
113, 646–659 (2013).

20. Callender, T. et al. Heart failure care in low‑ and  
middle‑income countries: a systematic review  
and meta‑analysis. PLoS Med. 11, e1001699 (2014).

21. Bui, A. L., Horwich, T. B. & Fonarow, G. C. Epidemiology 
and risk profile of heart failure. Nat. Rev. Cardiol. 8, 
30–41 (2010).

22. Ho, J. E. et al. Predicting heart failure with preserved 
and reduced ejection fraction: the International 
Collaboration on Heart Failure Subtypes. Circ. Heart 
Fail. 9, e003116 (2016).

23. McMurray, J. J. V. et al. ESC guidelines for the 
diagnosis and treatment of acute and chronic heart 
failure 2012: the Task Force for the Diagnosis and 
Treatment of Acute and Chronic Heart Failure 2012 
of the European Society of Cardiology. Developed in 
collaboration with the Heart Failure Association (HFA) 
of the ESC. Eur. Heart J. 33, 1787–1847 (2012).

24. Levy, D., Larson, M. G., Vasan, R. S., Kannel, W. B. 
& Ho, K. K. The progression from hypertension to 
congestive heart failure. JAMA 275, 1557–1562 
(1996).

25. Bloom, M. W. et al. Cancer therapy‑related cardiac 
dysfunction and heart failure: part 1: definitions, 
pathophysiology, risk factors, and imaging. Circ. Heart 
Fail. 9, e002661 (2016).

26. Mazurek, J. A. & Jessup, M. Understanding heart 
failure. Heart Fail. Clin. 13, 1–19 (2017).

27. Chatterjee, N. A. & Fifer, M. A. in Pathophysiology 
of Heart Disease (ed. Lilly, L. S.) 216–243 
(Lippincott Williams & Wilkins, 2010).

28. Page, R. L. et al. Drugs that may cause or exacerbate 
heart failure. Circulation 134, e32–e69 (2016).

29. Gaggin, H. K. & Dec, G. W. in Hurst’s The Heart: 50th 
Anniversary Edition (eds Fuster, V., Harrington, R. A., 
Narula, J. & Eapen, Z. J.) Ch. 68 (McGraw‑Hill, 2017).

30. Kalogeropoulos, A. P. et al. Characteristics and 
outcomes of adult outpatients with heart failure and 
improved or recovered ejection fraction. JAMA Cardiol. 
1, 510–518 (2016).

31. Hartupee, J. & Mann, D. L. Neurohormonal activation 
in heart failure with reduced ejection fraction. Nat. Rev. 
Cardiol. 14, 30–38 (2016).

32. Díez, J. Chronic heart failure as a state of reduced 
effectiveness of the natriuretic peptide system: 
implications for therapy. Eur. J. Heart Fail. 19,  
167–176 (2017).

33. Prabhu, S. D. & Frangogiannis, N. G. The biological 
basis for cardiac repair after myocardial infarction. 
Circ. Res. 119, 91–112 (2016).

34. Sekaran, N. K., Crowley, A. L., de Souza, F. R., 
Resende, E. S. & Rao, S. V. The role for 
cardiovascular remodeling in cardiovascular outcomes. 
Curr. Atheroscler. Rep. 19, 23 (2017).

35. Hsiao, R. & Greenberg, B. Contemporary treatment 
of acute heart failure. Prog. Cardiovasc. Dis. 58,  
367–378 (2016).

36. Davie, A. P. et al. Value of the electrocardiogram in 
identifying heart failure due to left ventricular systolic 
dysfunction. BMJ 312, 222 (1996).

37. Nohria, A. et al. Clinical assessment identifies 
hemodynamic profiles that predict outcomes in patients 
admitted with heart failure. J. Am. Coll. Cardiol. 41, 
1797–1804 (2003).
A guide to bedside haemodynamic assessment 
in patients with heart failure.

38. Yancy, C. W. et al. 2017 ACC/AHA/HFSA focused update 
of the 2013 ACCF/AHA guideline for the management 
of heart failure: a report of the American College of 
Cardiology/American Heart Association Task Force 
on Clinical Practice Guidelines and the Heart Failure 
Society of America. J. Am. Coll. Cardiol. 70, 776–803 
(2017).
Most recent update to the ACC, AHA and HFSA 
comprehensive guidelines addressing the use of 
novel agents such as sacubitril/valsartan, as well as 
addressing the role of biomarkers in the diagnosis, 
prognosis and treatment of heart failure.

39. Januzzi, J. L. & Troughton, R. Are serial BNP 
measurements useful in heart failure management?: 
Serial natriuretic peptide measurements are useful in 
heart failure management. Circulation 127, 500–508 
(2013).

40. Ahmad, T. et al. Evaluation of the incremental 
prognostic utility of increasingly complex testing in 
chronic heart failure. Circ. Heart Fail. 8, 709–716 
(2015).

41. Mestroni, L. Guidelines for the study of familial dilated 
cardiomyopathies. Eur. Heart J. 20, 93–102 (1999).

42. Pérez‑Serra, A. et al. Genetic basis of dilated 
cardiomyopathy. Int. J. Cardiol. 224, 461–472 (2016).

43. Cooper, L. T. et al. The role of endomyocardial biopsy in 
the management of cardiovascular disease. J. Am. Coll. 
Cardiol. 50, 1914–1931 (2007).

44. American College of Cardiology Foundation 
Appropriate Use Criteria Task Force et al. ACCF/ASE/
AHA/ASNC/HFSA/HRS/SCAI/SCCM/SCCT/SCMR 2011 
appropriate use criteria for echocardiography. A report 
of the American College of Cardiology Foundation 
Appropriate Use Criteria Task Force, American Society 
of Echocardiography, American Heart Association, 
American Society of Nuclear Cardiology, Heart Failure 

Society of America, Heart Rhythm Society, Society for 
Cardiovascular Angiography and Interventions, Society 
of Critical Care Medicine, Society of Cardiovascular 
Computed Tomography, and Society for Cardiovascular 
Magnetic Resonance Endorsed by the American 
College of Chest Physicians. J. Am. Coll. Cardiol. 57, 
1126–1166 (2011).

45. Gardin, J. M. et al. M‑mode echocardiographic 
predictors of six‑ to seven‑year incidence of coronary 
heart disease, stroke, congestive heart failure, and 
mortality in an elderly cohort (the cardiovascular 
health study). Am. J. Cardiol. 87, 1051–1057 (2001).

46. Grayburn, P. A. et al. Echocardiographic predictors 
of morbidity and mortality in patients with advanced 
heart failure. J. Am. Coll. Cardiol. 45, 1064–1071 
(2005).

47. American College of Cardiology Foundation 
Appropriate Use Criteria Task Force et al. ACCF/ASE/
AHA/ASNC/HFSA/HRS/SCAI/SCCM/SCCT/SCMR 2011 
appropriate use criteria for echocardiography. A report 
of the American College of Cardiology Foundation 
Appropriate Use Criteria Task Force, American Society 
of Echocardiography, American Heart Association, 
American Society of Nuclear Cardiology, Heart Failure 
Society of America, Heart Rhythm Society, Society for 
Cardiovascular Angiography and Interventions, Society 
of Critical Care Medicine, Society of Cardiovascular 
Computed Tomography, Society for Cardiovascular 
Magnetic Resonance American College of Chest 
Physicians. J. Am. Soc. Echocardiogr. 24, 229–267 
(2011).

48. Thomas, J. T. et al. Utility of history, physical 
examination, electrocardiogram, and chest radiograph 
for differentiating normal from decreased systolic 
function in patients with heart failure. Am. J. Med. 112, 
437–445 (2002).

49. Miller, W. L. & Mullan, B. P. Understanding the 
heterogeneity in volume overload and fluid distribution 
in decompensated heart failure is key to optimal 
volume management. JACC Heart Fail. 2, 298–305 
(2014).

50. Ko, S. M., Hwang, H. K., Kim, S. M. & Cho, I. H. Multi‑
modality imaging for the assessment of myocardial 
perfusion with emphasis on stress perfusion CT and MR 
imaging. Int. J. Cardiovasc. Imaging 31, 1–21 (2015).

51. Kalisz, K. & Rajiah, P. Impact of cardiac magnetic 
resonance imaging in non‑ischemic cardiomyopathies. 
World J. Cardiol. 8, 132–145 (2016).

52. Milani, R. V. Cardiopulmonary exercise testing: how do 
we differentiate the cause of dyspnea? Circulation 110, 
e27–e31 (2004).

53. Mancini, D. M. et al. Value of peak exercise oxygen 
consumption for optimal timing of cardiac 
transplantation in ambulatory patients with heart 
failure. Circulation 83, 778–786 (1991).

54. Corrà, U. et al. Cardiopulmonary exercise testing in 
systolic heart failure in 2014: the evolving prognostic 
role. Eur. J. Heart Fail. 16, 929–941 (2014).

55. Gidwani, U. K., Mohanty, B. & Chatterjee, K. 
The pulmonary artery catheter. Cardiol. Clin. 31,  
545–565 (2013).

56. Ammar, K. A. et al. Prevalence and prognostic 
significance of heart failure stages: application of 
the American College of Cardiology/American Heart 
Association Heart Failure Staging Criteria in the 
Community. Circulation 115, 1563–1570 (2007).

57. New York Heart Association. Nomenclature and 
Criteria for Diagnosis of Diseases of the Heart and 
Great Vessels (Lippincott Williams & Wilkins, 1994).

58. Goldman, L., Hashimoto, B., Cook, E. F. & Loscalzo, A. 
Comparative reproducibility and validity of systems 
for assessing cardiovascular functional class: 
advantages of a new specific activity scale. Circulation 
64, 1227–1234 (1981).

59. SPRINT Research Group et al. Randomized trial of 
intensive versus standard blood‑pressure control. 
N. Engl. J. Med. 373, 2103–2116 (2015).

60. Yancy, C. W. et al. 2016 ACC/AHA/HFSA focused 
update on new pharmacological therapy for heart 
failure: an update of the 2013 ACCF/AHA guideline for 
the management of heart failure. J. Am. Coll. Cardiol. 
68, 1476–1488 (2016).

61. Ponikowski, P. et al. 2016 ESC guidelines for the 
diagnosis and treatment of acute and chronic heart 
failure. Eur. Heart J. 37, 2129–2200 (2016).

62. Maggioni, A. P. et al. Are hospitalized or ambulatory 
patients with heart failure treated in accordance with 
European Society of Cardiology guidelines? Evidence 
from 12 440 patients of the ESC Heart Failure 
Long‑Term Registry. Eur. J. Heart Fail. 15, 1173–1184 
(2013).

P R I M E R

NATURE REVIEWS | DISEASE PRIMERS  VOLUME 3 | ARTICLE NUMBER 17058 | 17

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



63. McMurray, J. J. V. et al. Angiotensin–neprilysin 
inhibition versus enalapril in heart failure. N. Engl. 
J. Med. 371, 993–1004 (2014).
A landmark heart failure trial that compared 
sacubitril/valsartan with enalapril therapy.

64. Kjekshus, J. et al. Rosuvastatin in older patients 
with systolic heart failure. N. Engl. J. Med. 357,  
2248–2261 (2007).

65. Tavazzi, L. Effect of rosuvastatin in patients with 
chronic heart failure (the GISSI‑HF trial): a randomised, 
double‑blind, placebo‑controlled trial. Lancet 372, 
1231–1239 (2008).

66. McMurray, J. J. V. et al. Aliskiren, enalapril, or aliskiren 
and enalapril in heart failure. N. Engl. J. Med. 374, 
1521–1532 (2016).

67. Goldstein, R. E., Boccuzzi, S. J., Cruess, D. & Nattel, S. 
Diltiazem increases late‑onset congestive heart failure 
in postinfarction patients with early reduction in 
ejection fraction. The Adverse Experience Committee; 
and the Multicenter Diltiazem Postinfarction Research 
Group. Circulation 83, 52–60 (1991).

68. Hernandez, A. V., Usmani, A., Rajamanickam, A. 
& Moheet, A. Thiazolidinediones and risk of heart 
failure in patients with or at high risk of type 2 diabetes 
mellitus. Am. J. Cardiovasc. Drugs 11, 115–128 
(2011).

69. Scott, P. A., Kingsley, G. H. & Scott, D. L. Non‑steroidal 
anti‑inflammatory drugs and cardiac failure: meta‑
analyses of observational studies and randomised 
controlled trials. Eur. J. Heart Fail. 10, 1102–1107 
(2008).

70. Crespo‑Leiro, M. G. et al. European Society of 
Cardiology Heart Failure Long‑Term Registry 
(ESC‑HF‑LT): 1‑year follow‑up outcomes and differences 
across regions. Eur. J. Heart Fail. 18, 613–625 (2016).

71. Epstein, A. E. et al. ACC/AHA/HRS 2008 guidelines 
for device‑based therapy of cardiac rhythm 
abnormalities: executive summary. Heart Rhythm 5, 
934–955 (2008).

72. Connolly, S. Meta‑analysis of the implantable 
cardioverter defibrillator secondary prevention trials. 
Eur. Heart J. 21, 2071–2078 (2000).

73. Moss, A. J. et al. Prophylactic Implantation of a 
defibrillator in patients with myocardial infarction 
and reduced ejection fraction. N. Engl. J. Med. 346, 
877–883 (2002).

74. Bardy, G. H. et al. Amiodarone or an implantable 
cardioverter–defibrillator for congestive heart failure. 
N. Engl. J. Med. 352, 225–237 (2005).

75. Desai, A. S., Fang, J. C., Maisel, W. H. 
& Baughman, K. L. Implantable defibrillators for the 
prevention of mortality in patients with nonischemic 
cardiomyopathy. JAMA 292, 2874–2879 (2004).

76. Kadish, A. et al. Prophylactic defibrillator implantation 
in patients with nonischemic dilated cardiomyopathy. 
N. Engl. J. Med. 350, 2151–2158 (2004).

77. Yancy, C. W. et al. 2013 ACCF/AHA guideline for the 
management of heart failure: a report of the American 
College of Cardiology Foundation/American Heart 
Association Task Force on Practice Guidelines. 
Circulation 128, e240–e327 (2013).

78. Køber, L. et al. Defibrillator implantation in patients 
with nonischemic systolic heart failure. N. Engl. J. Med. 
375, 1221–1230 (2016).

79. McMurray, J. J. V. The ICD in heart failure — time for 
a rethink? N. Engl. J. Med. 375, 1283–1284 (2016).

80. Cleland, J. G. F. et al. The effect of cardiac 
resynchronization on morbidity and mortality 
in heart failure. N. Engl. J. Med. 352, 1539–1549 
(2005).

81. Cleland, J. G. F. et al. Longer‑term effects of cardiac 
resynchronization therapy on mortality in heart failure 
[the CArdiac REsynchronization‑Heart Failure 
(CARE‑HF) trial extension phase]. Eur. Heart J. 27, 
1928–1932 (2006).

82. Bristow, M. R. et al. Cardiac‑resynchronization therapy 
with or without an implantable defibrillator in advanced 
chronic heart failure. N. Engl. J. Med. 350, 2140–2150 
(2004).

83. Cleland, J. G. et al. An individual patient meta‑analysis 
of five randomized trials assessing the effects of cardiac 
resynchronization therapy on morbidity and mortality 
in patients with symptomatic heart failure. Eur. Heart J. 
34, 3547–3556 (2013).

84. Tracy, C. M. et al. 2012 ACCF/AHA/HRS focused 
update incorporated into the ACCF/AHA/HRS 2008 
guidelines for device‑based therapy of cardiac rhythm 
abnormalities. J. Am. Coll. Cardiol. 61, e6–e75 (2013).

85. Barold, S. S. & Herweg, B. Cardiac resynchronization 
in patients with atrial fibrillation. J. Atr. Fibrillation 8, 
1383 (2015).

86. Upadhyay, G. A., Choudhry, N. K., Auricchio, A., 
Ruskin, J. & Singh, J. P. Cardiac resynchronization 
in patients with atrial fibrillation: a meta‑analysis of 
prospective cohort studies. J. Am. Coll. Cardiol. 52, 
1239–1246 (2008).

87. Fang, J. C. et al. Advanced (stage D) heart failure: 
a statement from the Heart Failure Society of America 
Guidelines Committee. J. Card. Fail. 21, 519–534 
(2015).
A comprehensive paper on advanced heart failure, 
allowing a better understanding of this population 
of patients, underscoring current knowledge gaps 
and the importance of leading clinical research on 
this topic.

88. Slaughter, M. S. et al. Advanced heart failure treated 
with continuous‑flow left ventricular assist device. 
N. Engl. J. Med. 361, 2241–2251 (2009).
A landmark trial reporting the results of pulsatile 
versus continuous flow LVADs in patients ineligible 
for transplants.

89. Aaronson, K. D. et al. Use of an intrapericardial, 
continuous‑flow, centrifugal pump in patients awaiting 
heart transplantation. Circulation 125, 3191–3200 
(2012).

90. Starling, R. C. et al. Results of the post‑U. S. Food and 
Drug Administration‑approval study with a continuous 
flow left ventricular assist device as a bridge to heart 
transplantation. J. Am. Coll. Cardiol. 57, 1890–1898 
(2011).
A post-market trial reporting the results of the 
use of HM II LVAD as a bridge to transplantation, 
confirming the results of the original pivotal 
clinical trial.

91. Estep, J. D. et al. Risk assessment and comparative 
effectiveness of left ventricular assist device and 
medical management in ambulatory heart failure 
patients. J. Am. Coll. Cardiol. 66, 1747–1761 (2015).

92. Kirklin, J. K. et al. Seventh INTERMACS annual 
report: 15,000 patients and counting. J. Hear. Lung 
Transplant. 34, 1495–1504 (2015).

93. Carpentier, A. et al. First clinical use of a bioprosthetic 
total artificial heart: report of two cases. Lancet 386, 
1556–1563 (2015).

94. Mehra,M. R. et al. Listing criteria for heart 
transplantation: International Society for Heart  
and Lung Transplantation guidelines for the care of 
cardiac transplant candidates — 2006. J. Heart Lung 
Transplant. 25, 1024–1042 (2006).
A guideline statement on listing criteria for patients 
considered for cardiac transplantation.

95. Feldman, D. et al. The 2013 International Society 
for Heart and Lung Transplantation guidelines for 
mechanical circulatory support: executive summary. 
J. Heart Lung Transplant. 32, 157–187 (2013).

96. Mehra, M. R. et al. The 2016 International Society 
for Heart Lung Transplantation listing criteria for heart 
transplantation: a 10‑year update. J. Heart Lung 
Transplant. 35, 1–23 (2016).

97. Slaughter, M. S. et al. Clinical management of 
continuous‑flow left ventricular assist devices in 
advanced heart failure. J. Heart Lung Transplant.  
29, S1–S39 (2010).

98. Ziemba, E. A. & John, R. Mechanical circulatory 
support for bridge to decision: which device and 
when to decide. J. Card. Surg. 25, 425–433 (2010).

99. Centers for Medicare & Medicaid Services. Decision 
memo for ventricular assist devices for bridge‑
to‑transplant and destination therapy (CAG‑00432R). 
CMS https://www.cms.gov/medicare‑coverage‑database/
details/nca‑decision‑memo.aspx?NCAId=268 (2013).

100. Stevenson, L. W. et al. INTERMACS profiles of advanced 
heart failure: the current picture. J. Heart Lung 
Transplant. 28, 535–541 (2009).
A founding paper that allows a better understanding 
and clinical profiling of patients who are NYHA 
class IV.

101. Mehra, M. R. et al. A fully magnetically levitated 
circulatory pump for advanced heart failure. N. Engl. 
J. Med. 376, 440–450 (2017).

102. de By, T. M. M. H. et al. The European Registry for 
Patients with Mechanical Circulatory Support 
(EUROMACS): first annual report. Eur. J. Cardiothorac. 
Surg. 47, 770–777 (2015).

103. Lund, L. H. et al. The Registry of the International 
Society for Heart and Lung Transplantation: thirty‑third 
adult heart transplantation report? Focus theme: 
primary diagnostic indications for transplant. J. Heart 
Lung Transplant. 35, 1158–1169 (2016).

104. Lund, L. H. et al. The Registry of the International 
Society for Heart and Lung Transplantation: thirty‑
second official adult heart transplantation report? 

Focus theme: early graft failure. J. Heart Lung 
Transplant. 34, 1244–1254 (2015).

105. Lund, L. H. et al. The Registry of the International 
Society for Heart and Lung Transplantation: thirty‑first 
official adult heart transplant report — focus theme: 
retransplantation. J. Heart Lung Transplant. 33,  
996–1008 (2014).

106. Samsky, M. D. et al. Ten‑year experience with extended 
criteria cardiac transplantation. Circ. Heart Fail. 6, 
1230–1238 (2013).

107. Samara, M. A. & Wilson Tang, W. H. Device monitoring 
strategies in acute heart failure syndromes. Heart Fail. 
Rev. 16, 491–502 (2011).

108. Anker, S. D., Koehler, F. & Abraham, W. T. Telemedicine 
and remote management of patients with heart failure. 
Lancet 378, 731–739 (2011).

109. Emani, S. Remote monitoring to reduce heart failure 
readmissions. Curr. Heart Fail. Rep. 14, 40–47 (2017).

110. Dierckx, R., Pellicori, P., Cleland, J. G. F. & Clark, A. L. 
Telemonitoring in heart failure: BigBrother watching 
over you. Heart Fail. Rev. 20, 107–116 (2014).

111. Inglis, S. C., Clark, R. A., McAlister, F. A., Stewart, S. 
& Cleland, J. G. F. Which components of heart failure 
programmes are effective? A systematic review and 
meta‑analysis of the outcomes of structured telephone 
support or telemonitoring as the primary component 
of chronic heart failure management in 8323 patients: 
abridged Cochrane review. Eur. J. Heart Fail. 13, 
1028–1040 (2011).

112. Inglis, S. C., Clark, R. A., Dierckx, R., Prieto‑Merino, D. 
& Cleland, J. G. F. Structured telephone support or  
non‑invasive telemonitoring for patients with heart 
failure. Heart 103, 255–257 (2017).

113. Inglis, S. C., Clark, R. A., Dierckx, R., Prieto‑Merino, D. 
& Cleland, J. G. Structured telephone support or non‑
invasive telemonitoring for patients with heart failure. 
Cochrane Database Syst. Rev. 10, CD007228 (2015).

114. Cleland, J. G. F., Lewinter, C. & Goode, K. M. 
Telemonitoring for heart failure: the only feasible 
option for good universal care? Eur. J. Heart Fail. 11,  
227–228 (2009).

115. Hawkins, N. M. et al. Predicting heart failure 
decompensation using cardiac implantable electronic 
devices: a review of practices and challenges. 
Eur. J. Heart Fail. 18, 977–986 (2016).

116. Adamson, P. B., Ginn, G., Anker, S. D., Bourge, R. C. 
& Abraham, W. T. Remote haemodynamic‑guided care 
for patients with chronic heart failure: a meta‑analysis 
of completed trials. Eur. J. Heart Fail. 19, 426–433 
(2017).

117. Abraham, W. T. et al. Wireless pulmonary artery 
haemodynamic monitoring in chronic heart failure: 
a randomised controlled trial. Lancet 377, 658–666 
(2011).

118. Gaggin, H. K. & Januzzi, J. L. Biomarkers and 
diagnostics in heart failure. Biochim. Biophys. Acta 
1832, 2442–2450 (2013).

119. Ahmad, T. et al. Charting a roadmap for heart failure 
biomarker studies. JACC Heart Fail. 2, 477–488 
(2014).

120. Motiwala, S. R. & Januzzi, J. L. The role of natriuretic 
peptides as biomarkers for guiding the management of 
chronic heart failure. Clin. Pharmacol. Ther. 93, 57–67 
(2012).

121. Januzzi, J. L. et al. Use of amino‑terminal pro–B‑type 
natriuretic peptide to guide outpatient therapy of 
patients with chronic left ventricular systolic dysfunction. 
J. Am. Coll. Cardiol. 58, 1881–1889 (2011).

122. Bhardwaj, A. et al. Quality of life and chronic heart 
failure therapy guided by natriuretic peptides: results 
from the ProBNP Outpatient Tailored Chronic Heart 
Failure Therapy (PROTECT) study. Am. Heart J. 164, 
793–799.e1 (2012).

123. Weiner, R. B. et al. Improvement in structural and 
functional echocardiographic parameters during chronic 
heart failure therapy guided by natriuretic peptides: 
mechanistic insights from the ProBNP Outpatient 
Tailored Chronic Heart Failure (PROTECT) study. 
Eur. J. Heart Fail. 15, 342–351 (2013).

124. Felker, G. M. et al. Rationale and design of the GUIDE‑IT 
study. JACC Heart Fail. 2, 457–465 (2014).

125. Gaggin, H. K. et al. Head‑to‑head comparison of serial 
soluble ST2, growth differentiation factor‑15, and 
highly‑sensitive troponin T measurements in patients 
with chronic heart failure. JACC Heart Fail. 2, 65–72 
(2014).

126. Motiwala, S. R. et al. Serial measurement of galectin‑3 
in patients with chronic heart failure: results from 
the ProBNP Outpatient Tailored Chronic Heart 
Failure Therapy (PROTECT) study. Eur. J. Heart Fail. 15, 
1157–1163 (2013).

P R I M E R

18 | ARTICLE NUMBER 17058 | VOLUME 3 www.nature.com/nrdp

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

https://www.cms.gov/medicare-coverage-database/details/nca-decision-memo.aspx?NCAId=268
https://www.cms.gov/medicare-coverage-database/details/nca-decision-memo.aspx?NCAId=268


127. Wu, A. H. B., Wians, F. & Jaffe, A. Biological variation 
of galectin‑3 and soluble ST2 for chronic heart failure: 
Implication on interpretation of test results. 
Am. Heart J. 165, 995–999 (2013).

128. Januzzi, J. L., Pascual‑Figal, D. & Daniels, L. B. ST2 
testing for chronic heart failure therapy monitoring: 
the International ST2 Consensus Panel. Am. J. Cardiol. 
115, 70B–75B (2015).

129. Gandhi, P. U. et al. Galectin‑3 and mineralocorticoid 
receptor antagonist use in patients with chronic heart 
failure due to left ventricular systolic dysfunction. 
Am. Heart J. 169, 404–411.e3 (2015).

130. Meijers, W. C. et al. Variability of biomarkers in 
patients with chronic heart failure and healthy controls. 
Eur. J. Heart Fail. 19, 357–365 (2017).

131. Krumholz, H. M. A. Taxonomy for disease 
management: a scientific statement from the American 
Heart Association Disease Management Taxonomy 
Writing Group. Circulation 114, 1432–1445 (2006).

132. Rich, M. W. et al. A multidisciplinary intervention 
to prevent the readmission of elderly patients with 
congestive heart failure. N. Engl. J. Med. 333,  
1190–1195 (1995).

133. Stromberg, A. Nurse‑led heart failure clinics improve 
survival and self‑care behaviour in patients with heart 
failure. Results from a prospective, randomised trial. 
Eur. Heart J. 24, 1014–1023 (2003).

134. Stewart, S., Pearson, S. & Horowitz, J. D. Effects  
of a home‑based intervention among patients with 
congestive heart failure discharged from acute hospital 
care. Arch. Intern. Med. 158, 1067–1072 (1998).

135. Takeda, A. et al. Clinical service organisation for heart 
failure. Cochrane Database Syst. Rev. 9, CD002752 
(2012).

136. McAlister, F. A., Stewart, S., Ferrua, S. 
& McMurray, J. J. J. V. Multidisciplinary strategies 
for the management of heart failure patients at high 
risk for admission. J. Am. Coll. Cardiol. 44, 810–819 
(2004).

137. Fonarow, G. C. et al. Heart failure care in the outpatient 
cardiology practice setting: findings from IMPROVE HF. 
Circ. Heart Fail. 1, 98–106 (2008).

138. Lee, D. S. et al. Risk–treatment mismatch in the 
pharmacotherapy of heart failure. JAMA 294,  
1240–1247 (2005).

139. Lesman‑Leegte, I. et al. Quality of life and depressive 
symptoms in the elderly: a comparison between 
patients with heart failure and age‑ and gender‑
matched community controls. J. Card. Fail. 15, 17–23 
(2009).

140. Juenger, J. Health related quality of life in patients with 
congestive heart failure: comparison with other chronic 
diseases and relation to functional variables. Heart 87, 
235–241 (2002).

141. Jaarsma, T., Johansson, P., Agren, S. & Stromberg, A. 
Quality of life and symptoms of depression in advanced 
heart failure patients and their partners. Curr. Opin. 
Support. Palliat. Care 4, 233–237 (2010).

142. Li, C.‑C. & Shun, S.‑C. Understanding self care 
coping styles in patients with chronic heart failure: 
a systematic review. Eur. J. Cardiovasc. Nurs. 15, 
12–19 (2016).

143. Obiegło, M., Uchmanowicz, I., Wleklik, M., 
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