
Cardiomyopathies are disorders of the cardiac muscle 
that cause mechanical and/or electrical dysfunction that  
result in dilated, hypertrophic or restrictive patho-
physiology1. Dilated cardiomyopathy (DCM) is a non-​
ischaemic heart muscle disease with structural and 
functional myocardial abnormalities. The clinical pic-
ture of DCM is defined by left or biventricular dilata-
tion and systolic dysfunction in the absence of coronary 
artery disease, hypertension, valvular disease or congen-
ital heart disease2. The American Heart Association clas-
sifies DCM as genetic, mixed or acquired, whereas the 
European Society of Cardiology (ESC) groups cardio
myopathy into familial (that is, genetic) or nonfamilial 
(that is, nongenetic) forms3,4. The WHO defines DCM 
as a serious cardiac disorder in which structural or func-
tional abnormalities of the heart muscle can lead to sub-
stantial morbidity and mortality owing to complications 
such as heart failure and arrhythmia5.

Decades of research have revealed diverse aetiolo-
gies for DCM, including genetic mutations, infections, 
inflammation, autoimmune diseases, exposure to tox-
ins and endocrine or neuromuscular causes5 (Box 1). 
Idiopathic and familial disease are the most commonly 
reported causes of DCM. To accurately identify the aetio
logy of DCM, a wide array of non-​invasive and invasive 

examinations are needed6,7, but wide variability exists 
globally in the availability of advanced diagnostic tools 
(such as genetic testing for inborn metabolic errors, for 
example, and comprehensive cardiac imaging). Thus, 
many cases of DCM could be classified as idiopathic 
when in fact a thorough evaluation would enable a precise 
diagnosis of the underlying aetiology. Ongoing advances 
in genetic sequencing and molecular methods are increas-
ing the resources available to clinicians to determine the 
disease aetiology and provide a tailored risk stratification, 
resources which improve patient care and could poten-
tially reverse disease progression. Further complicating 
the clinically heterogeneous presentation of DCM are dif-
ferences that exist according to sex, age of onset (which 
can have an acute or progressive presentation), rate of 
progression, risk of development of overt heart failure 
and probability of sudden cardiac death8,9. Finally, both 
inherited predisposition and environmental factors play 
an important part in the natural history of disease.

Epidemiology
In a small (45 patients) population-​based study from 
Minnesota, USA, the estimated age-​adjusted and sex-​
adjusted incidence of idiopathic DCM between 1975 and 
1984 was 6 per 100,000 person-​years10. The prevalence of 
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idiopathic DCM in this study as of 1985 was estimated at 
36.5 per 100,000 individuals. In a 2013 review, the preva-
lence of DCM was estimated to be >1 per 250 individu-
als on the basis of recent clinical trial and related data11; 
this result is particularly relevant as reliable population- 
based studies of the prevalence of hypertrophic cardio-
myopathy have estimated it to be at least 1 per 500 indi-
viduals12, and the review article estimates that DCM is 
at least as common in the population as hypertrophic 
cardiomyopathy11. In 2015, the Global Burden of 
Disease study estimated the global prevalence of cardio
myopathy at 2.5 million cases — an increase of 27% in  
just 10 years13.

Mortality
In 2010, the estimated mortality associated with cardio-
myopathy was 5.9 per 100,000 global population, corre-
sponding to ~403,000 deaths — an increase from 5.4 per 
100,000 in 1990 (ref.14). These estimates may be affected 
by bias due to misclassification and missing or incom-
plete data, among others. In addition, there is a need for 
international consortia to group cohorts of patients so 
as to overcome the issue of the low number of events 
during follow-​up. The annual change in cardiomyopathy 
as a percentage of all deaths from 1990 to 2017 is shown 
in Fig. 1.

Most causes of heart failure arising from DCM occur 
from pump failure (70%) due to dilatation, whereas 
sudden cardiac death from arrhythmias accounts for 
the remaining 30%15–20. Survival of patients with DCM 
who develop heart failure has improved over time in 
developed countries. Improvements in survival have 
been attributed in large part to the increased availability 
and use of angiotensin-​converting enzyme (ACE) inhib-
itors, β-​blockers, implantable cardioverter–defibrillators 
(ICDs) and heart transplantation21–23. However, these 
interventions are not available to most of the world’s 
population. Furthermore, the effect of medications, ven-
tricular devices and heart transplantation on the natural 
history of DCM is not well characterized, and despite 
advances in the management of heart failure in patients 
with DCM, there is still substantial mortality.

Risk factors
The risk of developing congestive heart failure is ~30% 
higher in black than white individuals, a finding that is 
not explained by the confounding variables of hyperten-
sion or socio-​economic factors24. Several studies report a 
relative risk of mortality from DCM of 1.2–1.5 for black 
compared with age-​matched white people24,25. Black 
ethnicity is also associated with poor outcome in acute 
idiopathic DCM26,27.

The EuroHeart Failure Survey II examined data 
according to sex and found that DCM occurred more 
often in men than in women28. However, most epidemio
logical studies do not report data according to sex, and 
studies comparing sex differences in DCM pheno
type, severity and outcome are lacking18–20,28,29. The 
population-​based epidemiological study of idiopathic 
DCM in Minnesota reported a male to female ratio of 
3:1 (refs10,18). In the multicentre IMAC (Intervention in 
Myocarditis and Acute Cardiomyopathy)-2 study, men 
with a left ventricular (LV) ejection fraction (LVEF; 
the fraction of the volume of fluid ejected from the left 
ventricle with each contraction; physiological values are 
≥50%) ≤40%, <6 months of heart failure symptom dura-
tion and myocarditis (inflammation of the myocardium) 
or acute onset of idiopathic DCM (idiopathic DCM of 
<6 months symptom duration) had worse recovery 
(assessed by the New York Heart Association (NYHA) 
classification) and reduced transplant-​free survival than 
women26, a finding that is similar to data on patients 
with heart failure in general20.

Paediatric DCM
In a multisite study in the USA and Canada, DCM was 
the most common form of cardiomyopathy among 
children (individuals of <18 years of age): 66% had idio-
pathic DCM, whereas of those with DCM due to known 
causes, 46% had myocarditis and 26% had neuromuscu-
lar disease30. The annual incidence of DCM in children 
ranges from 0.18 to 0.73 per 100,000 person-​years19,31–35. 
The annual incidence was higher in boys than in girls, in 
black individuals than in white and in infants (<1 year of 
age) than in older children19. In North America, 34% 
of children with DCM progress to heart failure or receive 
a heart transplant within 1 year of diagnosis, a figure 
that increases to 49% 5 years after diagnosis36. Risk fac-
tors for increased risk of death or heart transplantation 
include congestive heart failure, increased LV end-​
systolic dimension z-​score (a parameter often used in 
children as a surrogate of LVEF) at diagnosis and older 
age at diagnosis34,36.

Mechanisms/pathophysiology
Animal models have demonstrated that LV dilata-
tion results from remodelling and fibrosis. Similarly, 
in patients with DCM, there is evidence of scar tis-
sue, with the left ventricle assuming a spherical shape. 
Pathophysiological changes include a decrease in stroke 
volume (blood volume pumped by the left ventricle at 
each contraction) and cardiac output (the amount of 
blood pumped by the heart per minute), impaired ven-
tricular filling and an increase in end-​diastolic pressure 
(the amount of blood in the ventricle when relaxed, 

Author addresses

1Institute for Cardiac Diagnostics and Therapy (IKDT), Berlin, Germany.
2Department of Cardiology, Charité–Universitaetsmedizin Berlin, Berlin, Germany.
3Mayo Clinic, Department of Cardiovascular Medicine, Jacksonville, FL, USA.
4Division of Cardiology, Department of Cardiological Thoracic and Vascular Sciences and 
Public Health, University of Padua, Padova, Italy.
5DZHK (German Centre for Cardiovascular Research), partner site Berlin, Berlin, Germany.
6Divisions of Human Genetics and Cardiovascular Medicine in the Department of Internal 
Medicine, The Ohio State University College of Medicine, Columbus, OH, USA.
7Department of Pediatrics, University at Buffalo Jacobs School of Medicine and Biomedical 
Sciences, Buffalo, NY, USA.
8Oishei Children’s Hospital, Buffalo, NY, USA.
9Roswell Park Comprehensive Cancer Center, Buffalo, NY, USA.
10University of Ottawa Heart Institute, Ottawa, Ontario, Canada.
11Clinical Research Center, National Hospital Organization Kyoto Medical Center, 
Kyoto, Japan.
12Department of Molecular Medicine, University of Pavia, Pavia, Italy.
13Department of Molecular Cardiology, IRCCS ICS Maugeri, Pavia, Italy.
14British Heart Foundation (BHF) Cardiovascular Research Centre, University of Glasgow, 
Glasgow, UK.

2 | Article citation ID:            (2019) 5:32 	 www.nature.com/nrdp

P r i m e r

0123456789();



which is a measure of dilation). Compensatory changes 
in the vascular system include an increase in systemic 
vascular resistance, a decrease in arterial compliance 
and an increase in venous pressure and circulating 
blood volume. Both cardiac preload (stretching of the 
heart wall before contraction) and afterload (the force 
needed for contraction to eject blood from the heart) are 
increased, with increased afterload resulting in elevated 
wall stress. Diastole involves both active relaxation (early 
diastole) and passive compliance (mid-​to-late diastole). 
In DCM, diastolic dysfunction that affects both compo-
nents can accompany a reduction in systolic function. 
Impaired ventricular relaxation results in reduced rapid 
ventricular filling.

The wide spectrum of potential causes of DCM and 
the often-​slow progression from initiation of cardiac 
damage to eventual signs and symptoms of heart failure 
make intervening in the disease process early enough 
to prevent irreversible damage particularly challenging.

DCM genetics
The development of next-​generation sequencing has 
made possible a new era in human genetics and genom-
ics for clinical and research purposes37. Several genes 
that, when mutated, are associated with the develop-
ment of DCM have been identified (Table 1). However, 
gene and gene variant curation (that is, distinguishing 

between pathogenetic and non-​pathogenetic genes and 
specific gene variants) remains a crucial unresolved 
issue. Moreover, the extent of genetic aetiology in spo-
radic DCM remains unresolved11. Finally, the inter
relationship between environmental and genetic causes 
of DCM remains minimally studied38, although data 
show that alcohol exposure facilitates the development 
of DCM in individuals with rare variants in established 
DCM-​associated genes39.

Familial DCM is commonly defined when at least 
two closely related (first-​degree or second-​degree) 
family members meet diagnostic criteria for idiopathic 
DCM11. Substantial evidence now is available to indi-
cate that familial DCM can be considered to have a 
genetic basis11,40,41, and clinical genetic testing services 
of large panels of genes implicated in DCM are now rou-
tinely available for patients with DCM and their family 
members42. Family-​based studies have established that 
15–30% of patients with DCM may be diagnosed with 
familial DCM if their family members undergo clinical 
screening11,43. Large multigenerational familial DCM 
pedigrees historically have been the starting point for 
most DCM-​associated gene discovery. Such multigener-
ational pedigrees have provided robust statistical genetic 
evidence for variant causality in DCM-​associated genes. 
The genes most commonly known to cause DCM, which 
include LMNA44, MYH7 (ref.45), TNNT2 (ref.45), TTN46, 
RBM20 (ref.47), BAG3 (ref.48) and others, were identified 
initially in large DCM pedigrees (Fig. 2). TTN truncating 
mutations are a common cause of DCM, occurring in 
~25% of familial cases of DCM and in 18% of sporadic 
cases49. Readers are encouraged to view the extensive 
DCM-​associated gene lists in review articles11,40,50–52.

Although a genetic basis for familial DCM is well 
established, most cases of DCM seem to be sporadic; 
that is, even when the family members of patients 
newly diagnosed with idiopathic DCM are clinically 
screened11,43, most family members have no evidence 
of DCM, and, therefore, patients are eventually diag-
nosed with nonfamilial (sporadic) DCM. To date, 
there is no published large multicentre study of fami-
lies whose members have been systematically clinically 
screened for DCM and have also undergone exome or 
genome sequencing to identify a possible genetic cause. 
A multisite study funded by the US National Heart, 
Lung and Blood Institute is now underway to test the 
hypothesis that DCM, whether familial or nonfamilial, 
has mostly a rare variant genetic basis53.

Gene curation. Curating the strength of evidence sug-
gesting that a gene can (when mutated) cause DCM is 
fundamental to clinical care, as one cannot adjudicate a 
variant as pathogenetic or probably pathogenetic if the 
relevance of the gene as a cause of DCM is uncertain. 
Gene curation is also of fundamental importance for the 
discovery of DCM-​associated genes. What level of evi-
dence is required to change the classification of a gene 
from a gene of uncertain significance for DCM to a gene 
of confirmed relevance and one that is routinely included 
in clinical testing panels is unclear. The ideal gene dis-
covery scenario is having one or more large multi
generational DCM pedigrees with numerous affected 

Box 1 | Causes of dilated cardiomyopathy

•	Genetic mutations: mutations in genes involved in several cardiac functions1

•	Infection: several pathogens can cause inflammatory dilated cardiomyopathy (DCM), 
including
-- Viruses: adenovirus spp., coronavirus spp., coxsackievirus spp. (groups A and B), 
cytomegalovirus spp., dengue virus, echovirus spp., Epstein–Barr virus, hepatitis B 
virus, hepatitis C virus, herpes simplex virus, human herpesvirus 6, HIV, influenza A 
and influenza B viruses, mumps rubulavirus, parvovirus (B19), poliovirus, rabies virus, 
respiratory syncytial virus, rubella virus, measles virus and Varicella-​zoster virus

-- Bacteria: β-​haemolytic streptococci, Borrelia burgdorferi, Brucella spp., 
Campylobacter jejuni, Chlamydia spp., Clostridium spp., Corynebacterium 
diphtheriae, Neisseria spp., Haemophilus influenza, Legionella pneumophila, Listeria 
monocytogenes, Mycoplasma pneumoniae, Neisseria meningitidis, Salmonella (Berta 
and Typhi), Streptococcus pneumoniae, Staphylococcus spp. and Treponema pallidum

-- Protozoa: Entamoeba histolytica, Leishmania spp., Plasmodium vivax, Plasmodium 
falciparum, Toxoplasma gondii and Trypanosoma cruzi

-- Helminths: Taenia spp., Echinococcus spp., Schistosoma spp., Toxocara spp. and 
Trichinella spp.

-- Fungi: Actinomyces spp., Aspergillus spp., Candida spp., Coccidioides immitis and 
Cryptococcus neoformans

•	Autoimmunity: autoimmune diseases, including systemic sclerosis95, rheumatoid 
arthritis96, systemic lupus erythematosus97, dermatomyositis, sarcoidosis, Dressler 
syndrome, post-​cardiotomy syndrome, post-​infectious autoimmune disease and  
post-​radiation autoimmune disease

•	Toxin exposure113: alcohol, amphetamines, anthracyclines, cannabis, catecholamines, 
cocaine, 5-fluorouracil, lithium, heavy metals (cobalt, lead and mercury) and carbon 
monoxide

•	Metabolic or endocrine dysfunction: Cushing disease, hypothyroidism, 
hyperthyroidism, phaeochromocytoma, chronic hypocalcaemia, hypophosphataemia 
and inborn errors of metabolism such as mitochondrial diseases and nutritional 
deficiency (carnitine, thiamine and selenium)

•	Neuromuscular diseases219: various forms of muscular dystrophy and myotonic 
dystrophy, dystrophinopathies, Friedreich ataxia and myotonic dystrophy

•	Pregnancy and peripartum cardiomyopathy220
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family members, or several smaller families, each family 
having the same very rare gene variant, and unaffected 
individuals who do not carry that variant. Additional 
supporting evidence would be genome-​wide sequenc-
ing that has excluded the presence of rare variants in 
other established DCM-​associated genes. However, this 
scenario is rarely achieved as DCM is usually a lethal 
condition, and few large families exist. For this reason, 
most studies include cohorts of individual patients with 
DCM, whose DCM-​associated candidate genes are 
sequenced and rare coding variants are identified, and 
the numbers of individuals with rare variants in a gene 
are compared with the numbers of individuals in large, 
publicly accessible reference data sets who also carry rare 
coding variants of the same type37,54. The largest of these 
public databases is the Genome Aggregation Database 
(gnomAD)55, an expansion of the Exome Aggregation 
Consortium (ExAC) database, now having exome or 
genome sequences of >140,000 individuals from the 
general population, presumably with no known DCM. 
In response to the need for a systematic approach to 
gene curation56, the ClinGen consortium57, a large col-
laborative effort sponsored by the US National Human 
Genome Research Institute57, has published a systematic 
approach to integrate genetic and experimental evidence 
for gene–disease relationships. This approach uses a 
semi-​quantitative scoring system that has been vali-
dated across several Mendelian diseases, and as a result, 
the evidence supporting the association between a spe-
cific gene and a disease is classified as definitive, strong, 
moderate, limited, absent or conflicting. This approach 
has been used by the ClinGen Cardiovascular Disease 
Working Group57 for gene curation for hypertrophic 

cardiomyopathy58, and curation of genes associated with 
arrhythmogenic right ventricular cardiomyopathy and 
DCM is now underway.

Variant curation. Like gene curation, variant curation 
is also challenging even in well-​established DCM-​
associated genes. In patients with DCM, the sequencing 
of established or candidate DCM-​associated genes can 
lead to the identification of rare variations (for exam-
ple, allele frequencies <0.1% to <0.001%), and com-
monly >50% of all such very rare variants are unique37. 
However, the presence of a unique or very rare variant 
does not necessarily assign causality of DCM to that 
variant; furthermore, the plethora of rare variants iden-
tified with exome or genome sequencing has challenged 
prior variant adjudication approaches37.

The availability of very large genetic data sets from 
diverse ethnic groups has brought this new challenge into 
focus59. Some variants that had been considered rare by 
comparison to control DNA samples from a few hundred 
individuals are more common than previously thought 
and unlikely to be disease causing. Studies have lever-
aged the ExAC database of >60,000 exome sequences55 
and have shown that the frequency of rare variants in 
control populations mirrors that of some genes proposed 
as relevant for hypertrophic cardiomyopathy54, thereby 
questioning the relevance attributed to such variants. 
This paradigm is also applicable to DCM. In 2015, the 
American College of Medical Genetics substantially 
revised the approach to variant interpretation60 for clin-
ical sequencing, making the approach and application  
of standards much more rigorous, with an overall effect of  
making interpretation more conservative to adjudicate 

Change in number of deaths
(per 100,000 individuals) 
due to cardiomyopathy
or myocarditis (%)
 >4 decrease
 3–4 decrease
 2–3 decrease
 1–2 decrease
 0–1 decrease
 0–1 increase
 1–2 increase
 2–3 increase
 3–4 increase
 4–9 increase
 >9 increase
 No data

Fig. 1 | Epidemiology of cardiomyopathy. The map shows the annual percentage change in number of deaths (per 
100,000 individuals) due to cardiomyopathy or myocarditis. Data include all ages and both sexes between 1990 and 2017. 
A decrease in deaths from cardiomyopathy is probably due to improvements in medication and health care; the reasons for 
the increase in deaths are less clear. Data from https://vizhub.healthdata.org/gbd-​compare/. Accessed 21 February 2019.
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variants as pathogenetic or probably pathogenetic.  
A variant is considered to be probably pathogenetic if 
there is a ≥90% probability that the variant is patho-
genetic. All variants not meeting these rigorous stan
dards are noted as variants of uncertain significance. 
Furthermore, the recently developed but rapidly expand-
ing database ClinVar61 now has assertions of variant 
pathology in a publicly accessible database. ClinGen 
is interacting with ClinVar to populate ClinVar with 
curated variants in medically relevant genes, including 
those associated with cardiomyopathies.

The final frontier for DCM genetics may be the deci-
phering of the interrelationships, if any, of genetic dis-
ease pathways with other established nongenetic disease 
mechanisms, including, for example, immunological or 
infectious aetiologies62. Large studies linking genetic and 
nongenetic causes in a unified research approach have 
yet to be accomplished.

Inflammation
Damage to the myocardium, whether from a genetic 
or environmental cause, triggers inflammation and 
recruits immune cells to the heart to repair the myo-
cardium; the most common causes of inflammatory 
DCM are infections and autoimmunity. Pathological 
examination of myocardial biopsy samples (or autop-
sies) of patients with DCM frequently uncovers evidence 
of an inflammatory cell infiltrate and gene expression 
patterns compatible with immune cell activation5,63. 
Immune cells that contribute to remodelling include 
mast cells, macrophages (M2 macrophages, also known 
as alternatively activated macrophages, and myeloid-​
derived suppressor cells), T helper 2 (TH2) and TH17 cells 
and, in the case of autoimmune aetiologies, B cells that 
produce autoantibodies that form immune complexes 
with self-​antigens and complement components64,65. 
Immune cells release cytokines, such as transforming 
growth factor-​β1 (TGFβ1), IL-4, IL-1β, IL-17A, IL-33 
and tumour necrosis factor (TNF), among other medi
ators, that promote remodelling, collagen deposition and 
fibrosis66–71. Fibrosis is a consequence of inflammation at 

the site of tissue damage and is the characteristic patho-
logical feature of DCM aside from dilatation8,62. Regional 
dysfunction and/or volume overload lead to increased 
cardiac workload and wall stress, activation of fetal genes 
and myocyte reversion to fetal programming and myo
fibroblasts63; these mechanisms are both a consequence 
and a cause of fibrosis. With time, fibrotic scar tissue 
eventually replaces the damaged tissue, thereby stiffen-
ing the heart and further amplifying the progression to 
dilation and heart failure.

Infection. Infections are believed to account for ~30% 
of the aetiology of DCM and are typically associated 
with myocarditis, as it has been demonstrated in animal 
models and patients5,60–66.

One of the most common groups of viruses asso-
ciated with DCM are the enteroviruses (including 
coxsackievirus group A and B in particular)72 (Box 1). 
Adenoviruses and herpesviruses are also commonly 
found in patients with DCM73. Less well established is the 
role of parvoviruses, which are associated with DCM in 
some patients74. Analysis of myocardial biopsy samples 
from patients with DCM has identified the molecular 
evidence of viral genome or evidence of viral prolifer
ation75. The positive identification of viral genome with 
biopsy is associated with a more-​rapid progression to 
DCM and worse clinical outcomes76–78.

Autoimmunity. Several lines of evidence indicate that 
DCM can result from an autoimmune disease accord-
ing to the Rose-​Witebsky criteria. This evidence includes 
the presence of cardiac immune cell infiltrates in ~50% 
of biopsy samples, abnormal expression of HLA class II 
and/or adhesion molecules (which are essential to ini-
tiate an immune response mediated by HLA class II 
and, therefore, can be used as biomarkers to identify 
autoimmune disease) on the cardiac microvascular 
endothelium in the absence of viral genomes detected 
from biopsy samples in index patients and family mem-
bers79,80, increased serum levels of cardiac autoantibod-
ies in patients and relatives8,81–85, experimentally induced 
animal models of DCM from immunization with rec-
ognized autoantigens that can also be found in patients 
with DCM8,86–91 and response to immunosuppression or 
immunomodulation in patients with suspected auto
immune DCM8,92–94. Furthermore, autoimmune diseases 
such as systemic lupus erythematosus, systemic sclero-
sis and rheumatoid arthritis are rare causes of DCM, 
occurring in ~5–10% of cases95–97.

Cardiac-​specific autoantibodies occur in up to 60% 
of patients with DCM and their relatives and can directly 
influence myocyte function and the prognosis of dis-
ease82,84,98. In patients, inflammatory DCM may be famil-
ial81,84,85 and has been associated with HLA antigens, as 
described by a landmark multicentre European genome-​
wide association study99. The study reports that HLA is a 
risk locus for DCM, consistent with an autoimmune aetio
logy99. DCM probably represents the end result of more 
than one aetiological agent in each individual patient, 
in a multiple hit cascade involving gene–environment 
interactions62, which is best depicted by the applica-
tion of a new complex classification — the MOGES 

Table 1 | Genes most commonly involved in dilated cardiomyopathy

Gene Protein Dilated 
cardiomyopathy 
cases (%)

Refs

TTN Titin 0.15–0.20 46,49,227–231

LMNA Prelamin A/C 0.06 44,232,233

MYH7 Myosin 7 0.04 45,234

BAG3 BAG family molecular chaperone regulator 3 0.03 48,235

TNNT2 Troponin T, cardiac muscle 0.03 45,222

FLNC Filamin C 0.02–0.04 236,237

RBM20 RNA-​binding protein 20 0.02 238

SCN5A Sodium channel protein type 5 subunit α 0.02 239,240

PLN Cardiac phospholamban <0.01 225,241,242

TNNC1 Troponin C, slow skeletal and cardiac muscles <0.01 243,244

TNNI3 Troponin I, cardiac muscle <0.01 245,246

TPM1 Tropomyosin-​α1 chain <0.01 247,248
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classification100,101. This gene–environment model fits 
perfectly with the autoimmune DCM phenotype.

Many distinct cardiac autoantibodies have been 
found in patients with DCM8,98, with cardiac α-​myosin 
and β-​myosin heavy-​chain isoforms being frequently 
recognized autoantigens83. Some of these autoantibodies 
seem to have a direct functional pathogenetic role102–104; 
furthermore, immunization of animals with autoanti-
gens that have been identified in patients with DCM, 
such as β1-adrenergic receptor, muscarinic acetylcho-
line receptor M2, cardiac myosin heavy chain and 
cardiac troponins79,86–91,105–107, leads to cardiac abnor-
malities that reproduce the DCM phenotype. Of note, 
myocardial pathology has been produced by transfer of 

immune components from one experimental animal 
to another8,105,108. Passive transfer of antibodies puri-
fied from rats immunized with cardiac myosin leads to 
deposition of antibodies in the myocardium and myo-
cyte apoptosis, producing cardiomyopathy in recipient 
animals88. In a mouse model of autoimmune myocardi-
tis and DCM induced by immunization with α-​myosin 
heavy chain, TGFβ-​activated kinase 1 (TAK1; also known 
as mitogen-​activated protein kinase kinase kinase 7) 
mediated rapid Wnt protein secretion, resulting in TGFβ-​
mediated myofibroblast differentiation and myocardial 
fibrosis progression, suggesting a possible mechanism 
for autoimmunity in promoting remodelling that leads 
to DCM109. Because myosin heavy chain is a relevant 
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cytoskeleton provides an intracellular scaffolding that is important for transmission of force from the sarcomere to 
the extracellular matrix and for protection of the myocyte from external mechanical stress. Thus, defects in cytoskeletal 
proteins could predispose to dilated cardiomyopathy (DCM) by reducing force transmission and/or resistance to 
mechanical stress. Contractile dysfunction of myofibrils plays a central part in initiation and progression of DCM. 
The sarcomere is composed of numerous proteins, and mutations in several of them have been associated with DCM, 
including actin, α-​cardiac muscle 1 (encoded by ACTC1), myosin-​binding protein C, cardiac type (encoded by MYBPC3), 
myosin chains (encoded by MYL2, MYL3, MYH6 and MYH7) and tropomyosin-​α1 chain (encoded by TPM1) (see Table 1). 
Mutations in genes encoding cardiac troponins (encoded by TNNT2, TNNC1 and TNNI3) are also linked directly to 
disordered force generation221,222. MYH7 mutations have been predicted to disrupt the actin–myosin binding and 
crossbridge function, whereas mutations in TTN change viscoelasticity properties223. Mutations in other non-​contractile 
proteins (for example, a co-​chaperone for heat shock protein 70 (HSP70) and heat shock cognate 70 chaperone proteins, 
encoded by BAG3) may induce defects in cell signalling pathways that modify cardiac response48,224. Mutations in 
phospholamban (encoded by PLN), a key calcium signalling protein, have been directly linked to abnormal contractility225. 
Variants in desmosomal proteins including desmin (encoded by DES) desmocollin 2 (encoded by DSC2), desmoglein 2 
(encoded by DSG2), desmoplakin (encoded by DSP) and plakophilin 2 (encoded by PKP2) are most commonly associated 
with arrhythmogenic right ventricular cardiomyopathy , but mutations in these genes have also been implicated in 
DCM226. In some patients with genetic DCM, a particular gene defect may be suggested by cardiac conduction 
abnormalities. For example, variants of lamin A/C (LMNA; which is part of a protein structure associated with the inner 
nuclear membrane) are associated with high rates of conduction system disease, ventricular arrhythmias and sudden 
cardiac death41. However, in most cases of DCM, there are no specific distinguishing phenotype features. SERCA2a, 
sarcoplasmic/endoplasmic reticulum calcium ATPase 2a. Adapted from ref.11, Springer Nature Limited.
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autoantigen in patients with autoimmune DCM83, phar-
macological targeting of Wnt proteins might represent a 
promising therapeutic approach in the future109.

Chemical and toxin exposure
Chronic alcohol abuse is an important cause of DCM, 
occurring most often in men of 30–55 years of age 
who have been heavy consumers of alcohol for at least 
10 years110. The proportion of alcoholic cardiomyo
pathy among all cardiomyopathy deaths was estimated 
at 6.9% globally111, and alcoholic DCM occurred more 
often in men (8.9%) than in women (2.9%). Studies 
in animals have demonstrated that acute and chronic 
ethanol administration impairs cardiac contractility112 
and decreases the contractile protein α-​myosin heavy 
chain110. The metabolite of alcohol, acetaldehyde, can 
alter cellular calcium, magnesium and phosphate 
homeostasis and impair mitochondrial respiration, for 
example113. Damage to the myocardium from alcohol 
also recruits inflammatory cells to the heart114.

Long-​term abuse of cocaine is also known to cause 
DCM and lethal arrhythmias115. Depressed LV func-
tion has been reported in 4–9% of individuals who 
used cocaine and had cardiac symptoms116,117. Cocaine 
is believed to cause LV dysfunction by increasing the 
release of catecholamines, which are directly toxic to car-
diomyocytes, leading to necrosis. Similar to the effects of 
alcohol, cocaine also causes myocyte death by damaging 
mitochondria118. Myocarditis has been reported in 20% 
of patients who died from suspected cocaine overdoses, 
suggesting that myocardial inflammation may lead to 
DCM at least in some cases119.

DCM can occur as an adverse effect from cancer 
chemotherapeutic agents such as anthracyclines120. 
Anthracyclines that frequently cause DCM include 
doxorubicin, epirubicin and idarubicin. Doxorubicin is 
a widely used and effective chemotherapy treatment for 
many adult and paediatric cancers; however, one of its 
adverse effects is cumulative, dose-​related, progressive 
myocardial damage that may lead to DCM and conges-
tive heart failure121. Doxorubicin binds both DNA and 
type II topoisomerase, leading to DNA double-​stranded  
breaks and transcriptome changes resulting in mito-
chondrial dysfunction, reactive oxygen species gener
ation and cardiac cell death122. More than 50% of children  
with cancer receive an anthracycline, resulting in >80% 
survival, but up to 60% develop at least some form of car-
diac dysfunction that can lead to cardiomyocyte necro-
sis, apoptosis, hypertrophy, fibrosis, LV dysfunction, 
DCM and heart failure123,124. Endomyocardial biopsy 
(EMB) samples reveal features of cardiotoxicity, such as 
cytosolic vacuolization, lysis of myofibrils and cellular 
swelling. Troponin I, a marker of myocardial injury, is 
a useful serum biomarker of doxorubicin cardiotoxicity 
predicting progression to DCM125.

Sex differences
Male sex is an important risk factor for developing heart 
failure following a number of cardiovascular conditions 
including DCM; however, few clinical studies have 
examined sex differences in incidence or pathogenetic 
mechanisms in DCM specifically. In one of the few 

studies to examine sex differences in the pathogenetic 
mechanism of DCM, men with acute DCM were found 
to have higher expression of proteins associated with 
apoptosis than women, and higher expression levels 
correlated with a lower LVEF126.

In animal models of myocarditis, progression to 
DCM is dependent on sex and race (that is, mouse 
strain): 100% of males of susceptible mouse strains 
develop fibrosis and DCM after acute myocarditis, 
whereas only 20% of females develop mild DCM, based 
on echocardiography127. A similar finding has been 
observed in patients with severe, clinically symptomatic 
myocarditis, as men were twice as likely as women to 
present with evidence of myocardial fibrosis, assessed 
by cardiac MRI128. Animal studies have revealed that the 
pathogenetic mechanisms leading to cardiac remodel-
ling and DCM are similar regardless of the cause of dam-
age to the myocardium and are promoted by testosterone 
in male animals127,129–132. Testosterone has been found to 
increase the number of M2 macrophages that express 
CD11b (also known as αM integrin), Toll-​like receptor 4 
and IL-1β in animal models, leading to increased cardiac 
inflammation, remodelling and DCM127,133,134.

Sex hormones and cardiac function. Sex hormones alter 
cardiac function by binding to androgen and oestrogen 
receptors on cardiac vascular endothelial cells, smooth 
muscle cells, fibroblasts and myocytes. Additionally, 
the binding of sex hormones to their receptors directly 
alters the functions of immune cells and platelets influ-
encing the type of cardiac inflammation, remodelling 
and thrombosis involved in DCM135.

Many of the same inflammatory cells and cytokines 
that drive dilation — which occurs more often in men — 
also predispose patients with DCM to thromboembolic 
events, including complement and platelet activa-
tion136,137. Importantly, women have higher levels of 
oestrogen receptors on their arteries than men, and 
activation of these receptors by 17β-​oestradiol pre-
vents cardiomyocyte apoptosis, inhibits cardiac damage 
induced by reactive oxygen species and reduces cardiac 
hypertrophy and fibrosis in women138. In animal models, 
androgens promote hypertrophy139,140. Overall, under-
lying sex differences in cardiac pathophysiology and 
in the immune response to cardiac injury are believed 
to lead to the observed sex differences in DCM and  
heart failure.

Diagnosis, screening and prevention
Diagnosis
The clinical presentation of DCM is generally unrelated 
to the underlying aetiology and ranges from dyspnoea, 
swollen legs, ankles and stomach, fatigue and chest pain 
caused by reduced oxygen levels reaching the heart to 
arrhythmia, acute decompensation or cardiogenic shock. 
The signs and symptoms of DCM mainly relate to the 
degree of LV or biventricular systolic dysfunction leading 
to pump failure; heart failure signs and symptoms may 
be fulminant, acute, subacute or chronic. In addition, 
atypical chest pain and palpitation may be present.

DCM is typically diagnosed between 20 and 50 years 
of age20,141. Dilated chambers are readily identified 
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using echocardiography; the diagnostic criteria are 
LV end-​diastolic volumes or diameters >2 s.d. from 
normal according to normograms (z-​scores >2 s.d.) 
corrected for age and body surface area and ejection 
fraction <50%62. Cardiac catheterization may be per-
formed to rule out coexisting coronary artery disease, 
and cardiac MRI may assist with imaging dilatation and 
is used to determine the presence of oedema and/or  
fibrosis, which are suggestive of inflammation. Electro
cardiography (ECG) in patients with DCM may be 
remarkably normal, but abnormalities ranging from 
isolated T wave changes and left bundle branch block to 
prolongation of atrioventricular conduction can occur. 
Sinus tachycardia and supraventricular arrhythmias 
are common; ~20–30% of patients have non-​sustained 
ventricular tachycardia. Ambulatory Holter monitoring 
captures premature ventricular complex and sustained 
or non-​sustained ventricular tachycardia, both of which 
are important, especially in differential diagnosis with 
arrhythmogenic cardiomyopathy. The diagnostic accu-
racy is dependent on the combination of conventional 
non-​invasive and invasive cardiological examination 
with molecular and non-​cardiac parameters including 
genetic analyses; this comprehensive approach is also 
needed to determine the aetiology of DCM. As described 
(see section on autoimmunity above), different serum 
autoantibodies to cardiac-​specific and muscle-​specific 
autoantigens have been found in myocarditis and auto-
immune DCM, and some of these autoantibodies might 
have a direct pathogenetic role8,98,102,108,142–144.

Some genetic forms of DCM can be suggested by 
the presence of clinical traits, sometimes known as 
‘diagnostic red flags’. Such rare but important signs and 
symptoms that indicate a specific multisystem disease 
or genotype include abnormal skin pigmentation, skel-
etal myopathy and neurosensory disorders (for example, 
deafness and blindness)145.

In individuals who are diagnosed with idiopathic 
DCM, a genetic aetiology should be considered. Thus, 
the basic evaluation of these patients should include 
a detailed family history as well as clinical screening 
of first-​degree relatives. Next-​generation sequenc-
ing methods, such as whole-​exome or whole-​genome 
sequencing, are emerging as moderately inexpensive 
approaches for diagnosis that have both clinical and 
research implications. Inherited cardiomyopathies, 
including DCM, are genetically heterogeneous and 
are associated with rare mutations in a large number 
of genes; many mutations result in similar phenotypes, 
and, therefore, the same phenotype can have different 
underlying mutations. Even in the absence of an identi-
fied pathogenetic mutation, first-​degree relatives should 
have periodic ECG and echocardiography to detect 
early signs of DCM. In addition to genetic variation, 
numerous factors affect gene expression and, there-
fore, determine how gene mutations are manifested146. 
The genotype frequently does not equate to phenotype 
because of environmental epigenetic influences on gene 
expression. For example, mutations that promote cardio
myocyte damage recruit a pro-​inflammatory response  
promoting remodelling and DCM147. Thus, assessment 
of familial DCM would benefit from an improved 

understanding of the influence of environmental and 
epigenetic factors148,149.

Imaging techniques. Doppler and 2D echocardiography 
remains the primary method to analyse cardiac function 
and undergirds the diagnostic criteria for most heart 
muscle diseases. Thus, all patients with unexplained or 
suspected moderate to severe heart failure symptoms 
should undergo echocardiography at first presentation 
and for follow-​up150. Echocardiogram features can indi-
cate a specific aetiology; however, echocardiography 
cannot definitively establish the underlying cause of 
DCM. For example, wall motion abnormalities of a non-​
ischaemic origin are suggestive of myocarditis. In addi-
tion, LV remodelling and functional mitral regurgitation 
can be assessed efficiently by echocardiography. LV dila
tation and concomitant displacement of the papillary 
muscles can cause tethering of the mitral leaflets and 
poor valve coaptation (closure)41.

Speckle-​tracking echocardiography is an imaging 
technique that analyses the motion of tissues in the 
heart using the naturally occurring speckle pattern in  
the myocardium and is a promising tool to identify the 
presence of an inflammatory infiltrate in patients with 
DCM (Fig. 3). In patients with biopsy-​proven myocar
ditis, global longitudinal strain (longitudinal shortening 
as a percentage), which provides an accurate assess-
ment of regional contractility, is significantly impaired 
compared with patients without inflammation151.

Cardiac MRI has become increasingly accessible in 
clinical practice, where it represents the best method for 
morphological and functional evaluation and characteri-
zation of myocardial tissue in patients with DCM (Fig. 4). 
The presence of myocardial fibrosis can be detected with 
late gadolinium enhancement (LGE). LGE distribution 
may indicate muscular dystrophy, and LGE presence, 
patterns and quantification may assist in determining the 
risk of malignant ventricular arrhythmias. MRI detects 
myocardial oedema suggestive of acute myocarditis or 
sarcoidosis (an inflammatory disease in which gran-
ulomas form in different organs). Alongside cardiac 
MRI, 18F-​fluorodeoxyglucose (FDG)–PET has emerged 
as a valuable tool for diagnosing cardiac sarcoidosis. 
However, the sensitivity of cardiac MRI to detect inflam-
mation in DCM is low because inflammation is scarce 
at this stage of the disease process. The best method to 
confirm the presence of an inflammatory infiltrate in 
DCM is histology and/or immunohistology151. In addi-
tion, cardiac MRI cannot detect the presence of virus 
in the myocardium151. Future multicentre prospective 
studies are needed to confirm the role of cardiac MRI in 
the prognostic stratification of DCM.

Endomyocardial biopsy. The current expert consen-
sus statement of the ESC recommends that all patients 
with suspected inflammatory cardiomyopathy should 
undergo an EMB to identify the type of inflammatory 
infiltrate, to determine the underlying aetiology and 
form an aetiology-​based treatment strategy8. Although 
many centres do not conduct EMB on the basis of 
a perception that the procedure carries a high risk 
of complications, several studies report that EMB can 
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be performed with a very low rate of major complica-
tions and that LV biopsy is as safe as right ventricular 
biopsy152–154. Tissue obtained from EMB should be 
analysed using histology, immunohistochemistry and 
molecular biology techniques.

Histological examination of paraffin sections with 
various staining protocols is used to detect several 
morphological alterations (such as myocardial disarray 
(loss of the parallel alignment of cardiomyocytes), vacu
ole formation, cardiomyocyte hypertrophy, myocytoly
sis (myofibrillar degeneration and sublethal injury  
of cardiac muscle cells), necrosis and cell death, scar 
formation, collagen deposition and fibrosis, patholog-
ical vascular conditions, granulomas and giant cells 
(multinucleated cells formed by the fusion of cells)) and 
to characterize the major inflammatory subtypes (Fig. 5).

The use of immunohistochemistry has markedly 
increased the ability to detect cardiac inflammation from 
biopsy sections; monoclonal antibodies enable precise 
characterization, quantification and localization of dif-
ferent immune cell types and cell-​adhesion molecules. 
Determining the cell composition of inflammatory foci 
affects the prognosis of DCM, and establishing the pro-
portion and type of immune cells is crucial in deciding 
the optimal type of treatment.

Microbial genomes are determined, quantified 
and sequenced using PCR-​based methods, including 
nested reverse transcriptase–PCR and quantitative 

PCR. Active or latent infections in the myocardium 
can be differentiated by parallel blood tests and con-
firmation of transcriptional activity in EMB sam-
ples. Principally, all viruses that are responsible for 
inflammatory cardiomyopathy can be analysed8. Viral 
titres in the serum alone are not useful for diagnosis 
because they do not correlate to the actual phase of  
cardiomyopathy.

Finally, novel biomarkers such as microRNAs and 
gene expression profiling have been introduced in the 
molecular examination of EMB. The identification of 
distinct gene expression profiles in the myocardium 
enables clear discrimination of samples with giant cells, 
acute myocarditis or no inflammation even if there is no 
direct histological proof of giant cells or inflammation. 
Moreover, the disease-​specific gene expression profiles 
change during effective treatment and can thereby also 
be useful to monitor therapy155.

Prognosis
The prognosis is poor for patients with DCM with an 
LVEF <35%, right ventricular involvement and NYHA 
functional class III or IV (Box 2). Several factors can 
worsen the prognosis. Adverse remodelling charac-
teristics in DCM include functional mitral regurgi-
tation (leakage of blood backward through the mitral 
valve), myocardial fibrosis, dyssynchronous ventricular 
contraction and enlargement of other chambers.
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Fig. 3 | Echocardiography and endomyocardial biopsy in dilated cardiomyopathy. a,b | Speckle-​tracking 
echocardiographic images in a patient with active myocarditis show reduced global longitudinal strain at baseline  
(before treatment). Analysis of the left ventricular longitudinal strain from the left two chambers before 
immunosuppressive treatment. The value of the peak longitudinal systolic strain for each segment being examined is 
superimposed on the colour 2D image. The curves of longitudinal strain (%) as a function of time are also shown (part a). 
Peak systolic strain in each segment before immunosuppressive treatment (part b). c,d | Immunohistological staining of an 
endomyocardial biopsy sample from the same patient shows active myocarditis with evidence of massive enhanced CD3+ 
T cell infiltration at baseline (red-​brown staining) (part c), myocytolysis and extensive infiltration of immunocompetent 
cells (purple staining) (part d). e,f | Speckle-​tracking imaging of the same patient after 6 months of immunosuppressive 
treatment shows substantial increase in global longitudinal strain. g,h | After treatment, immunohistological staining 
showed reduced CD3+ T cell infiltration (absence of red-​brown staining) (part g) and no active myocardial inflammation 
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Adverse remodelling. Sudden cardiac death in DCM can 
be caused by electromechanical dissociation (pulseless 
electrical activity) or ventricular arrhythmias. The devel-
opment of new LV branch block during follow-​up is a 
strong independent prognostic predictor of all-​cause 
mortality, and atrial fibrillation is a sign of structural 
disease progression and negatively affects the prognosis. 
Patients with DCM and haemodynamically relevant 
mitral regurgitation may need invasive therapies, such as 
percutaneous or open repair of the mitral valve, mechan-
ical circulatory support or even heart transplantation. 
Whereas right ventricular function frequently recovers 
under therapy (typically within 6 months), the devel-
opment of right ventricular dysfunction during long-​
term follow-​up indicates structural disease progression 
and portends a negative outcome. Strategies to detect 
pre-​symptomatic DCM have a clear rationale because 
early treatment can retard adverse remodelling, prevent 
heart failure symptoms and increase life expectancy. 
In addition, patients with DCM should be regularly re-​
assessed, particularly in the presence of cardiovascular 
risk factors. Worsening of LV function or an increased 
ventricular arrhythmic burden can be caused not only 
by DCM progression but also by the development of new 
co-​pathologies. Thus, the possible presence of coronary 
artery disease, hypertensive heart disease, structural 
valve disease or acute myocarditis should be systemati-
cally ruled out during follow-​up. However, clinical and 
echocardiographical parameters have limited ability to 
predict long-​term prognosis, suggesting that other host–
environmental factors are important in determining the 
outcome of DCM.

Additional factors affecting prognosis. The persistence 
of enterovirus in the myocardium has been associated 
with ventricular dysfunction, whereas viral genome 
clearance is associated with improved ventricular 
function and 10-year prognosis77,78. Because differ-
ent viruses respond differently to antiviral drugs and 
sometimes are not completely eliminated, knowing the 

specific pathogenic virus is crucial for making a tailored  
treatment decision.

In clinical and experimental studies, immunohisto-
logical evidence of inflammation was identified as an 
independent predictor of survival156,157. Thus, precise 
characterization and quantification of intramyocardial 
immune cell subtypes is needed to inform the decision 
to start immunosuppressive therapy with the goal of 
improving prognosis158,159.

Management
The management of DCM aims at reducing symp-
toms of heart failure and improving cardiac function 
(Fig. 6). Several pharmacological options and devices 
are available. The pivotal randomized controlled clini-
cal trials that provided the evidence for the guidelines 
on the treatment of heart failure with reduced ejection 
fraction included a large proportion of patients with 
a non-​ischaemic aetiology (that is, individuals who 
probably developed heart failure as a result of DCM). 
Consequently, on the basis of subgroup analyses, it is 
reasonable to assume that the efficacy and safety of 
most treatments for heart failure extend to patients with 
DCM. Of course, investigator-​reported aetiology in large 
clinical trials may not necessarily be accurate, and non-​
ischaemic aetiology may include several causes of heart 
failure in addition to DCM, such as heart failure caused 
by hypertension.

In patients with advanced disease, pharmacological 
and device therapy may be insufficient to maintain ade-
quate cardiac function and surgery might be required. The 
two major options are heart transplantation and implan-
tation of long-​term mechanical circulatory support, 
either as a temporary measure while awaiting transplan-
tation or permanently. Additional surgical approaches  
include correction of mitral valve regurgitation.

Finally, additional aetiology-​based therapies might 
be appropriate in patients with EMB-​confirmed myo-
carditis or infection-​associated DCM. These include 
immunosuppression and antiviral therapy; immuno
adsorption therapy to remove circulating autoantibodies 
is still under investigation.

Exercise
Evidence suggests that exercise is beneficial in heart 
failure, although elderly patients were not enrolled in 
most studies and the optimum level and intensity of 
exercise prescribed are uncertain160. Furthermore, the 
only large trial on exercise in patients with heart failure, 
HF-​ACTION, showed a modest treatment effect that 
was obtained only with a very intensive training regi-
men that may not be practical to deliver in every health-​
care centre. Importantly, exercise is contraindicated in 
the active phase of inflammatory cardiomyopathy, both 
in athletes and non-​athletes, and in DCM due to lamin 
A/C mutations62.

Pharmacological therapy for heart failure
ACE inhibitors (or angiotensin receptor antagonists 
in patients who develop cough as an adverse effect of 
ACE inhibitors) and β-​blockers are the standard drug 
therapy for heart failure in DCM (Table 2). Combined 
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Fig. 4 | Cardiac MRI. Cardiac MRI of patients with endomyocardial-​biopsy-proven active 
myocarditis shows evidence of late gadolinium enhancement (LGE) (white arrows), 
indicating fibrosis and oedema (red arrowheads). LV, left ventricle; RV, right ventricle.

10 | Article citation ID:            (2019) 5:32 	 www.nature.com/nrdp

P r i m e r

0123456789();



angiotensin receptor–neprilysin inhibitors reduce total 
mortality and hospital admissions compared with ACE 
inhibitors and could replace ACE inhibitors as one of the 
cornerstones of drug therapy in chronic heart failure161. 
Mineralocorticoid antagonists and If inhibitors provide 
incremental benefit in survival or hospital admission 
when combined with ACE inhibitors and β-​blockers162.

All pharmacological therapies should be used in 
accordance with international guidelines, taking into 
account blood pressure, heart rate and rhythm, renal 
function and blood chemistry.

Device therapy
Cardiac resynchronization therapy (CRT) is a modal-
ity of cardiac pacing used in patients with LV systolic 
dysfunction and dyssynchronous ventricular activation 
that provides simultaneous or nearly simultaneous elec-
trical activation of the left ventricle and right ventricle 
via stimulation of both (biventricular pacing) or the left 
ventricle alone. This therapy is performed by either a 
CRT-​pacemaker (CRT-​P) or a combined CRT–ICD 
(which, in addition to the pacemaking function, can 
deliver an electric shock to reset the sinus rhythm in 
case of arrhythmia). CRT devices include a transvenous 
pacing lead placed in a branch of the coronary sinus (or, 
less commonly, an epicardial or endocardial LV lead) 
for LV pacing in addition to leads in the right ventricle 
and right atrium.

CRT is indicated for patients with heart failure and 
LVEF ≤35% who have a life expectancy with good func-
tional status of >1 year if they are in sinus rhythm and 
have a markedly prolonged QRS duration (≥130 ms) 
and an ECG that shows left bundle branch block, 

irrespective of symptom severity. The benefits of CRT 
for patients with right bundle branch block or inter-
ventricular conduction delay are unclear (subgroup 
analyses suggest little benefit or even harm)163.

Two randomized placebo-​controlled trials, the  
Comparison of Medical Therapy, Pacing, and Defibrilla
tion in Heart Failure (COMPANION) and Cardiac 
Resynchronization in Heart Failure (CARE-HF) study, 
randomized 2,333 patients with moderate to severe 
symptomatic heart failure (NYHA class III or IV) to 
either optimal medical therapy or optimal medical ther-
apy plus CRT164–166. In each trial, CRT reduced the risk of 
death from any cause and hospital admission for wors-
ening heart failure with a relative risk ratio of death of 
24% with a CRT-​P and of 36% with a CRT-​ICD (CRT-D)  
in the COMPANION study and of 36% with CRT-​P in 
the CARE-​HF study. In the CARE-​HF study, the rela
tive risk ratio of hospitalization with CRT-P was 52%. 
These trials also showed that CRT improves symptoms,  
quality of life (QoL) and ventricular function.

Similarly, two randomized placebo-​controlled trials 
evaluated the effects of CRT in 3,618 patients with mild 
symptoms (85% had NYHA class I heart failure in the 
MADIT-​CRT trial) or moderate symptoms (80% had 
NYHA class II heart failure in the Resynchronization/
Defibrillation for Ambulatory Heart Failure Trial 
(RAFT)); patients received either optimal medical 
therapy plus an ICD (while maintaining spontaneous 
sinus rhythm) or optimal medical therapy plus CRT-​D 
(in which the pacing was controlled by the ICD)167,168. 
In each trial, CRT reduced the risk of the primary 
composite end point of death or heart failure hospital-
ization, with a 34% relative risk ratio in MADIT-​CRT 
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Fig. 5 | Differential diagnosis of the underlying causes of dilated cardiomyopathy. Endomyocardial biopsy is important 
to determine the underlying cause of dilated cardiomyopathy. a | Active myocarditis with immune cell infiltration and 
myocytolysis (arrows), histological azan staining. b | Giant cell myocarditis with massive immune cell infiltration around 
multinuclear giant cells (arrows), histological haematoxylin and eosin (H&E) staining. c | Eosinophilic myocarditis with 
immune cell infiltration and eosinophils (arrows), histological H&E staining. d | Immunohistochemical staining depicting 
CD3+ T cells (red-​brown staining) in a focal pattern in borderline myocarditis. e | Immunohistochemical staining of 
increased perforin-​positive cytotoxic cells (arrows) in inflammatory cardiomyopathy. f | Immunohistochemical staining 
of increased cell-​adhesion molecule HL A1 (red-​brown staining) in inflammatory cardiomyopathy.
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and a 25% relative risk ratio in RAFT. All-​cause mor-
tality was significantly reduced in RAFT but not in 
MADIT-CRT. CRT improves symptoms, QoL and 
ventricular function in these patient populations as 
well. Both MADIT-​CRT and RAFT showed a signifi-
cant treatment-​by-subgroup interaction whereby QRS 
duration modified the treatment effect (CRT seemed 
more effective in patients with a QRS ≥150 ms), and 
CRT was more beneficial for patients with left bundle 
branch block than for those with right bundle branch 
block or an interventricular conduction defect. In a 
meta-analysis, the mortality benefit of CRT was simi
lar in individuals with ischaemic disease and non-​
ischaemic cardiomyopathy169. Thus, for all these trials, 
CRT reduced risk of death and improved symptoms, 
QoL and ventricular function.

Aetiology-​based therapies
A definitive diagnosis of the pathophysiology that 
underlies DCM is a prerequisite for a specific, personal-
ized therapy based on aetiology170. However, treatment 
guidelines for causes of inflammatory DCM are miss-
ing at this time. Thus, multicentre, prospective, rand-
omized studies to test immunosuppressive and antiviral 
therapies in inflammatory DCM are needed.

A retrospective analysis showed that immunosup-
pressive treatment in patients with EMB-​proven, virus-​
positive cardiomyopathy is deleterious94. Consequently, 
a prospective, randomized, placebo-​controlled study 
(TIMIC-​trial) showed that in patients with EMB-​
proven, chronic, virus-​negative myocarditis who were 
refractory to standard therapy, immunosuppressive 
therapy resulted in significant improvement in LVEF 
compared with placebo93, indicating that immuno-
suppressive therapies can be effective in patients with 
inflammatory DCM. These results were subsequently 
confirmed in another trial94. Ideally, immunosuppres-
sive therapy should be started as early as possible before 
irreversible remodelling occurs8.

Viral infections are a frequent cause of myocardi-
tis that can lead to inflammatory DCM in some indi-
viduals77. In a biopsy-​based analysis of patients with 

myocarditis, the presence of virus in the myocardium 
was associated with a progressive impairment of LV 
function, whereas spontaneous viral clearance was 
associated with significant improvement of LV func-
tion171,172. Consequently, in a nonrandomized study in 
patients with enterovirus-​associated or adenovirus-​
associated cardiomyopathy, the administration of IFNβ 
significantly reduced virus load, reduced myocardial 
injury and improved long-​term survival171,172. In the 
Beta-​Interferon in a Chronic Viral Cardiomyopathy 
(BICC) trial, virus load reduction or clearance was 
significantly higher in the IFNβ group than in the 
placebo group. However, IFNβ treatment was statisti-
cally significantly less effective at clearing parvovirus 
B19 (ref.173).

Finally, small open-​labelled studies have found that 
removal of circulating autoantibodies by immuno-
adsorption improved cardiac function and decreased 
myocardial inflammation108,174,175. However, at present, 
immunoadsorption is still an experimental treatment 
option because there are conflicting results regard-
ing its effectiveness; a placebo-​controlled multicentre 
study is underway to test this therapy in patients with 
cardiomyopathy176 (Table 2).

Prognostic stratification
The current risk stratification scheme for the predic-
tion of life-​threatening arrhythmias in patients with 
DCM is based mainly on the degree of systolic dys-
function of the left ventricle, with an LVEF <35% set 
as the threshold for a high risk of sudden death on 
the basis of the results of randomized clinical trials177. 
Although data supporting the use of ICDs are robust for 
patients with ischaemic DCM, the evidence from ran-
domized trials for patients with non-​ischaemic DCM 
has been debated over time. The current European 
and American College of Cardiology/American  
Heart Association guidelines for ICD implantation in 
patients with non-​ischaemic DCM are based on a 2004 
meta-​analysis that included trials in which ICD was 
implanted for primary prevention of sudden cardiac 
death and trials in which ICD was implanted as a sec-
ondary prevention measure (that is, in patients who 
had survived an episode of ventricular fibrillation), 
which demonstrated a 31% reduction in all-cause  
mortality with ICD use178.

In the DANISH trial (Defibrillator Implantation 
in Patients with Nonischemic Systolic Heart Failure), 
>1,100 patients with non-​ischaemic DCM on optimal 
medical therapy and CRT were randomly assigned to 
ICD versus no ICD for primary prevention of sudden 
cardiac death; no difference in all-​cause mortality (the 
primary end point) was observed between the two 
groups at 5-year follow-​up179.

The results of the DANISH study might be explained 
by the overall low mortality in the control group, pos-
sibly justified by the high use of CRT, and by the high 
adherence to optimal medical therapy in both groups 
that may have reduced the power of the study to prove 
the efficacy of ICD. Nevertheless, it is remarkable 
that the ICD group showed not only a 50% reduc-
tion in incidence of sudden cardiac death but also an 

Box 2 | NYHA classification of heart failure

New York Heart Association (NYHA) classification 
combines clinical imaging and biomarkers to indicate 
risk of heart failure

Class I
No symptoms and no limitation in ordinary physical 
activity such as shortness of breath when walking or 
climbing stairs

Class II
Mild symptoms and slight limitation during ordinary 
activity

Class III
Marked limitation in activity due to symptoms, even 
during ordinary activities such as walking short distances

Class IV
Severe limitations and the patient experiences 
symptoms even while at rest
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overall survival benefit in the subgroup of patients of  
<60 years of age.

An updated meta-​analysis of six randomized trials,  
assessing the effect of ICD on all-cause mortality in 
2,970 patients with non-ischaemic DCM who were 
randomized to ICD or to optimal medical therapy for 
the primary prevention of sudden cardiac death, found 
a significant 23% risk reduction in all-​cause mortality 
in the ICD arm180. Interestingly, the results remained 
relevant and statistically significant after eliminating 
the contribution of trials that involved patients with 
a CRT-D, with a 24% reduction in all-​cause mortality 
with ICD.

The problem of using LVEF as the pivotal risk 
marker for patients with DCM is that this single param-
eter does not recapitulate the complexity of the disease 
that arises from a number of different aetiologies. The 
availability of genotype–phenotype studies in patients 
with DCM has enabled physicians to identify popula-
tions at increased risk of sudden cardiac death, such 
as patients with mutations in LMNA or FNLC. With 
the increasing availability of personalized aetiological 
diagnosis for patients with DCM, it will be possible to 
provide more-​refined risk stratification schemes that, in 
addition to LVEF, take into account genetic information 
and additional clinical parameters, possibly combining 
them in multiparametric scores. Promising approaches 
for risk stratification include the assessment of LGE 
during cardiac MRI of cardiac sympathetic nerve 

function through metaiodobenzylguanidine labelled 
with iodine-123 (MIBG)181,182.

Quality of life
The health-​related QoL in patients with DCM is poorly 
analysed. Many patients with DCM progress to chronic 
heart failure, and the patient’s awareness of their risk 
of dying, the adverse effects of therapy and frequent 
hospitalizations have considerable negative effects on 
a patient’s QoL183. A recent study184 identified three fac-
tors that predicted positive self-​care with compliance 
to treatment: clear information about the medication, 
a belief in the illness having serious consequences and 
the effect of medication use on lifestyle. Moreover, pre-
vious studies showed a significant improvement in all 
aspects of QoL after comprehensive cardiac rehabili-
tation with daily light exercise, a weight management 
programme and nurse-​led patient education185,186. Thus, 
the most important way to improve QoL in patients 
with DCM is providing an early, pathophysiological-​
based diagnosis, better risk stratification and, ulti-
mately, personalized therapy based on aetiological 
assessment of disease.

Outlook
Many advances have been made to improve diagno-
sis and better characterize DCM on the basis of the 
underlying aetiology. Advances in our understanding 
of the pathogenesis of disease are derived largely from 
preclinical animal models. However, many gaps in our 
understanding remain. Clinical care could be improved 
by harnessing novel advances in imaging modalities for 
DCM; by identifying and utilizing novel serum biomark-
ers; by improving our understanding of the relationship 
between infection, inflammation and autoimmunity and 
cardiac damage and remodelling in the pathogenesis of 
DCM; and by taking advantage of the new therapeutic 
opportunities of cardiac regeneration.

Improved diagnostic tools
The refinement of current diagnostic tools and imaging 
modalities could revolutionize our understanding of 
the pathogenesis of disease. FDG–PET is an important 
tool to better understand the relationship between car-
diac inflammation and the development of DCM187 and 
is used in preclinical mouse models of myocarditis to 
advance the detection of cardiac inflammation134,188. Once 
new imaging markers from animal studies can success-
fully detect inflammation in patients with myocarditis, 
they could be refined to detect inflammation in patients 
with DCM, where inflammatory cells are often scarce.

Echocardiography is the most established method for 
assessing systolic dysfunction. Advances in echocardio
graphy techniques and measurements (such as global 
longitudinal strain, tissue Doppler strain and speckle-​
tracking echocardiography) have the potential to enable 
much earlier detection of systolic dysfunction leading 
to DCM, especially if echocardiography results can be 
paired to serum biomarkers of heart failure such as BNP 
and pro-​NT-BNP, soluble interleukin-1 receptor-​like 1 
(IL1R1; also known as sST2) and C-​reactive protein 
(CRP)189,190.

Endomyocardial biopsy

Additional treatment
for heart failure

Haemodynamic improvement?

No

Possible specific
antiviral or

immunomodulating
therapy

No

Yes

Yes

Symptomatic dilated cardiomyopathy

Treatment for heart failure

• Continue treatment
• Careful follow-up

Progressive left
ventricular dysfunction

Haemodynamic improvement?

Viral infection or
inflammation present?

Fig. 6 | Algorithm for the management of dilated cardiomyopathy. Clinical 
management of a patient with symptomatic dilated cardiomyopathy starts with 
standard heart failure medications. If there is haemodynamic improvement, the 
treatment will be continued with careful follow-​up to monitor for progressive left 
ventricular dysfunction. If left ventricular dysfunction is noted or there is a lack of 
haemodynamic improvement, an endomyocardial biopsy should be performed. If viral 
infection is detected by reverse transcriptase–PCR or immunohistochemistry staining, 
the patient may receive antiviral therapy. If certain inflammatory cells are discovered,  
a tailored immunosuppressive therapy may be administered. If there is no 
haemodynamic improvement, additional treatment options for heart failure should  
be explored.
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Table 2 | Treatment options for dilated cardiomyopathy

Treatment Indication Outcome

Pharmacological therapy for heart failure

ACE inhibitors Recommended in all symptomatic patients unless 
contraindicated or not tolerated

ACE inhibitors have been shown to reduce mortality and morbidity 
in several studies249

Angiotensin 
receptor blockers

Indicated in patients who are intolerant to ACE 
inhibitors

• Treatment with candesartan significantly reduced the risk of 
cardiovascular death or heart failure hospitalization and all-​
cause mortality

• For the primary composite end point, the effect of treatment was 
not significantly different in patients with ischaemic heart failure 
and patients with heart failure due to other causes250

β-​Blockers In combination with an ACE inhibitor, β-​blockers further 
reduce mortality and morbidity in patients with heart 
failure

In a meta-​analysis of four trials, β-​blocker therapy reduced all-​
cause mortality in patients with ischaemic disease and in those 
with non-​ischaemic cardiomyopathy251

Angiotensin 
receptor inhibitor 
and neprilysin 
inhibitor 
combination

Neprilysin inhibition prevents the breakdown of 
numerous vasoactive substances, including natriuretic 
peptides, which are vasodilators, promotes renal sodium 
and water excretion and inhibits pathological growth 
(that is, hypertrophy and fibrosis)

• The PARADIGM-​HF trial compared a sacubitril (a neprilysin 
inhibitor)–valsartan (an angiotensin receptor inhibitor) 
combination with enalapril (an ACE inhibitor). The primary 
end point (composite death from cardiovascular causes or 
heart failure hospitalization) occurred in 21.8% of patients in 
the sacubitril–valsartan group and in 26.5% of patients in the 
enalapril group

• Mortality was significantly reduced in patients receiving 
sacubitril–valsartan161

Mineralocorticoid 
receptor 
antagonists

Recommended in all symptomatic patients (in addition 
to treatment with an ACE inhibitor and a β-​blocker) with 
LVEF ≤35%

• In RALES, the mortality benefit of spironolactone was similar in 
patients with ischaemic or non-​ischaemic disease252

• In EMPHASIS-​HF, the hazard ratio for the primary composite 
end point of death from cardiovascular causes or heart failure 
hospitalization was not significantly different in patients with 
an ischaemic aetiology and in patients with a non-​ischaemic 
cardiomyopathy162

Nitrates and 
hydralazine 
combination

Nitrates and hydralazine are vasodilator drugs • The A-​HeFT trial examined the safety and efficacy of fixed-​dose 
combination therapy with isosorbide dinitrate and hydralazine 
hydrochloride in combination with an ACE inhibitor or ARB,  
β-​blocker and MRA in African Americans with NYHA class III or IV 
heart failure253

• This population was chosen as a retrospective subgroup analysis 
of an earlier trial with this treatment combination, which did 
not produce clear evidence of benefit overall, suggesting that 
African-​American patients did benefit from it

• The A-​HeFT trial was stopped early because treatment with 
this drug combination led to a significant (43%) reduction in all-​
cause mortality. The treatment effect on mortality was similar in 
patients with or without an ischaemic aetiology

If inhibitors • Reduction in heart rate by inhibition of the pacemaker 
current

• The European Medicines Agency approved ivabradine 
for use in Europe in patients with LVEF ≤35% and 
in sinus rhythm with a resting heart rate ≥75 bpm 
because in this group ivabradine conferred a survival 
benefit

In the SHIFT trial, ivabradine significantly reduced the primary 
composite outcome of cardiovascular death or heart failure 
hospitalization by 18% but did not reduce cardiovascular death 
or all-​cause death. The hazard ratio for the primary composite 
end point was higher (although not significantly) in patients with 
ischaemic disease than in those with non-​ischaemic disease254

Digoxin • Inotropic agent (increases the force of contraction)
• Recommended for patients with sustained atrial 

fibrillation or refractory heart failure symptoms

In the Digitalis Investigation Group trial, digoxin did not 
reduce all-​cause mortality , the primary end point, but did lead 
to a significantly (28%) reduced relative risk of heart failure 
hospitalization255

Device therapy for heart failure

CRT Cardiac pacing in patients with left ventricular systolic 
dysfunction and dyssynchronous ventricular activation 
(QRS duration ≥130 ms)

CRT improves cardiac performance in appropriately selected 
patients, improves symptoms and well-​being and reduces 
morbidity and mortality165,166,168

Aetiology-​based therapies

Immunosuppression Virus-​negative inflammatory cardiomyopathy or chronic 
myocarditis

In the prospective, randomized, placebo-​controlled TIMIC-​trial, 
immunosuppression resulted in significant improvement in LVEF 
compared with placebo93

Antiviral drugs Virus-​positive inflammatory cardiomyopathy In the BICC trial, virus load reduction or clearance was significantly 
higher in the IFNβ group than in the placebo group173

ACE, angiotensin-​converting enzyme; ARB, angiotensin receptor blocker ; BICC, Beta-​Interferon in a Chronic Viral Cardiomyopathy ; CRT, cardiac 
resynchronization therapy ; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association.
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Serum biomarkers
Advances in genetic sequencing and molecular analysis 
of the genes and proteins involved in the pathogenesis of 
DCM, both in preclinical animal models and in human 
studies, have unveiled promising new serum biomarkers 
that can be used not only to indicate the risk of heart 
failure and prognosis but also to reveal the underlying 
pathology and thereby inform treatment.

Elevated serum levels of sST2 correlate with the 
severity of heart failure (NYHA class) in patients with 
myocarditis and DCM as well as other cardiovascular 
conditions191–194. sST2 is a cytokine induced by bio
mechanical strain in cardiac fibroblasts, cardiomyocytes 
and vascular endothelial cells195,196. In a small study, sST2 
was significantly higher in patients with DCM than in 
controls197. sST2 has been found to predict the risk of 
developing heart failure in patients with DCM in several 
recent studies193,198–200. When combined with NT-​proBNP, 
which is released under conditions of pressure overload 
and, therefore, is a marker for heart failure, serum sST2 
levels provide additive value in predicting sudden death 
in patients with heart failure and an LVEF ≤45%201.

Two important processes in heart failure are inflam-
mation and renal impairment, both of which can 
increase serum immunoglobulin free light chain (FLC) κ 
and λ concentrations. The sum of circulating FLC κ and 
λ is increased in patients with autoimmune diseases202 
and DCM (A.Mat., unpublished results). A community-​
based study of 15,000 individuals of the general popula-
tion showed that high FLC concentration was associated 
with an increased risk of all-​cause mortality203. FLC, 
especially λ, is increased in patients with myocarditis 
and is associated with mortality (A.Mat., unpublished 
results). Combined FLC, the sum of κ and λ FLC, has 
shown an association between high combined FLC and 
prognosis204 and provided the incremental prognos-
tic value of multiple biomarkers205 in patients recently 
hospitalized with decompensated heart failure. The 
mechanism for FLC increase in DCM and heart failure 
remains to be clarified, but FLC may be a promising new 
biomarker of inflammation in DCM.

Inflammation
Infection. Future studies should also aim to better 
understand the relationship between viral and parasitic 
infections (such as Trypanosoma cruzi infection) in the 
development of DCM. These infections remain endemic 
in many countries and probably contribute to the emerg-
ing public health burden of DCM. Of particular impor-
tance will be determining the relationship of infections 
to host immune responses in the context of host genetics.

In addition to hepatitis, hepatitis C virus (HCV) 
infection frequently causes cardiac and renal abnor-
malities, including hypertrophic cardiomyopathy and 
DCM. In Egypt, in patients with HCV infection, echo-
cardiographic abnormalities were frequently found, such 
as dilated left atrium, dilatation and hypertrophy of the 
left ventricle and disturbed diastolic and systolic func-
tion of the left ventricle206. In China, NT-​proBNP levels 
are higher in patients with HCV-​infection-associated 
hepatitis than in those with hepatitis B virus infection 
or in healthy controls207. An association between major 

histocompatibility complex (MHC) antigens and HCV 
clearance and susceptibility has been identified208,209. 
The molecular mechanisms behind the development of 
cardiomyopathies with HCV infection related to MHC 
class II molecules were found to differ between DCM and 
hypertrophic cardiomyopathy210,211. Antiviral treatment 
for HCV infection has been reported to improve renal 
and cardiovascular outcomes in patients with diabetes 
mellitus212. The annual number of deaths associated with 
HCV is now higher than all other nationally notifiable 
infectious conditions in the USA213, suggesting that this 
viral infection could make an important contribution to 
DCM cases in developed countries. The mechanism for 
how HCV causes DCM remains to be elucidated.

Autoimmunity. Preclinical and clinical evidence sup-
ports that some forms of DCM are the result of a patho-
genetic autoimmune response8,214. Mice lacking the 
T cell receptor co-​stimulatory receptor programmed 
cell death protein 1 (PD-1) spontaneously develop 
autoimmune DCM with autoantibodies that bind car-
diac troponin I106. Passive transfer of monoclonal anti-
bodies directed against cardiac troponin I induce cardiac 
dysfunction107. An antibody against cardiac troponin I 
was found in patients with myocarditis and DCM215, and 
the presence of this biomarker probably reflects damage 
to cardiac muscle107. Future experimental and clinical 
studies are needed to clarify the role of autoimmunity 
and autoantibodies in the pathogenesis of DCM because 
serum autoantibodies may form an inexpensive early 
screening method to determine a subset of patients at 
an increased risk of developing DCM. Clinical and ani-
mal studies are also needed to find novel therapies with 
improved efficacy and safety for cases of EMB-​proven 
virus-​negative autoimmune DCM with or without 
serum cardiac-specific autoantibodies.

Regenerative medicine
A rapidly emerging and promising new area of medi-
cine is the potential to regenerate damaged and scarred 
heart tissue in patients with DCM. As care has improved 
in cardiovascular medicine, with improved reperfusion 
therapies, implantable defibrillators, novel medications 
and cardiac transplantation, mortality has decreased. 
Advances in this area are particularly important for DCM 
because the disease is often detected only at an end stage 
when the scar tissue is well established and is refractory 
to medication to reverse the process. Promising new 
tools include mesenchymal stem cells, purified platelet 
exosome products, fat-​derived extracellular vesicles and 
others. Extracellular vesicles and the more-​purified form 
termed exosomes derived from cells such as adipocytes or 
platelets of healthy individuals are important in cell-​to-cell 
communication and have been found to contain many 
regulatory factors such as proteins, RNAs and lipids that 
inhibit pro-​inflammatory and profibrotic pathology216. 
Although many of these therapies have yet to be applied 
to patients with DCM in the clinical setting, they hold 
the promise of a therapy that could prevent or reverse 
remodelling and promote cardiac regeneration217,218.
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