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Abstract | Myocarditis—a frequent cause of dilated cardiomyopathy and sudden cardiac death—typically 
results from cardiotropic viral infection followed by active inflammatory destruction of the myocardium. 
Characterization of this disease has been hampered by its heterogeneous clinical presentations and diverse 
aetiologies. Advances in cardiac MRI and molecular detection of viruses by endomyocardial biopsy have 
improved our ability to diagnose and understand the pathophysiological mechanisms of this elusive disease. 
However, therapeutic options are currently limited for both the acute and chronic phases of myocarditis. 
Several randomized, controlled trials have demonstrated potential benefit with immunosuppressive and 
immunomodulatory therapies, but further investigations are warranted. In this Review, we explore the 
pathophysiology, natural history, and modes of diagnosis of myocarditis, as well as evidence-based treatment 
strategies. As novel imaging techniques and human in vitro models of the disease emerge, the landscape of 
therapies for myocarditis is poised to improve.
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Introduction
According to the current WHO classification of cardio-
myopathies, myocarditis is clinically and pathologically 
defined as an inflammatory disease of the myocardium 
diagnosed by established histological, immunologi-
cal, and immunohistochemical criteria.1,2 Myocarditis 
often results from common viral infections that have 
a predilection towards entry into the myocardium. 
Animal models of viral myocarditis predict a maladap-
tive post-viral immune-mediated response, which leads 
to eventual myocardial cell dysfunction and compro-
mised contractility. Although the pathogenesis is not 
well characterized in humans, modern advances in PCR 
technology have enabled detection of enteroviruses, 
adeno viruses, parvovirus B19, and human herpesvirus 
6 in patients with acute myocarditis.3,4 Several other 
aetiologies of myocarditis have also been implicated, 
including HIV, Chagas disease, toxins, medications, and 
autoimmune phenomena (Figure 1).1,5 Clinically, myo-
carditis can manifest as acute heart failure, ventricular 
arrhythmias, or cardiogenic shock, and is associated with 
substantial morbidity and mortality.5 Children diagnosed 
with acute myocarditis have only a 60% likelihood of 
transplantation-free survival at 10 years.6 Myocarditis 
has been linked as the cause of sudden cardiac death in 
young adults in up to 12% of cases, and identified as the 
cause of dilated cardiomyopathy in 9% of patients.7–9

In medical practice, physicians rely on a combination 
of clinical features, laboratory analyses, and imaging 

findings to diagnose myocarditis. However, a definitive 
diagnosis relies on endomyocardial biopsy (EMB), an 
approach supported by the WHO as well as scientific 
statements provided by the AHA and ESC.1,2,10 Despite 
a clear definition and the well-established morbid-
ity and mortality associated with the disease, many 
patients with clinical manifestations of myocarditis do 
not undergo EMB, the current gold standard for diagno-
sis. Considering these established standards, it is unclear 
why such heterogeneity exists relating to the evaluation, 
diagnosis, and treatment of patients with myocarditis.

Perhaps the many aetiologies linked to the disease, 
along with its varied clinical presentations, hampers 
patient identification and prevents true consensus and 
acceptance of the current diagnostic standards. The 
development of the Dallas criteria,11 which rely on 
traditional histological stains, was an initial attempt 
at standardizing diagnostic guidelines. These crite-
ria define myocarditis as either active or borderline, 
depending on the degree of inflammation and myocyte 
injury.11 However, legitimate concerns exist about the 
diagnostic accuracy and sensitivity of the Dallas cri-
teria, which might be explained by the focal and tran-
sient nature of the inflammatory process.12–14 As a result, 
EMB with immunohistochemistry is gaining increasing 
acceptance in the diagnosis of myocarditis.15 Questions 
remain, however, about the need for routine biopsy in 
cases of suspected myocarditis, especially in light of 
the considerable advances in imaging technology with 
cardiac MRI (CMR).

Currently, aside from standard pharmacological treat-
ment for patients with symptoms of heart failure and 
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left ventricular (LV) systolic dysfunction, comprehen-
sive clinical practice guidelines specific to the treatment 
of myocarditis do not exist. For patients with cardio-
genic shock due to acute fulminant myocarditis who 
deteriorate despite optimal medical therapy, mechani-
cal circulatory support might be required as a bridge to 
recovery or heart transplantation.15 Although specific 
types of autoimmune-related myocarditis, such as giant-
cell myocarditis and cardiac sarcoidosis, might respond 
to immunosuppressive therapy, tailored treatment strat-
egies for viral myocarditis have yet to be established. 
Investigational treatment options, including immuno-
suppressive, immunomodulatory, anti-inflammatory, 
and antiviral agents, have been tested and reported in 
the literature with some promising results in specific 
patient populations. In this Review, we describe the 
pathophysiology, natural history, and techniques used 
for the diagnosis of myocarditis, as well as currently 
used and novel treatment strategies.

Pathophysiology
Myocarditis and the ensuing cardiomyopathy that might 
occur is caused by infectious and noninfectious agents 
(Figure 1). Over the past 4 decades, viral infection has 
increasingly been recognised as the most common aeti-
ology. Using PCR technology and in situ hybridization 
techniques, viral RNA and DNA have been identified 
within the myocardium of affected patients. On an 

Key points

 ■ Myocarditis is a frequent cause of dilated cardiomyopathy with heterogeneous 
clinical presentations and a wide range of clinical outcomes

 ■ After infection by a cardiotropic virus, a maladaptive post-viral 
response ensues, which can cause myocardial cell dysfunction and 
compromised contractility

 ■ Advances in our diagnostic capabilities using cardiac MRI as well as 
molecular detection of viruses by endomyocardial biopsy have improved our 
understanding and ability to characterize the disease

 ■ Although comprehensive clinical recommendations specific to the treatment 
of myocarditis do not exist, modulation of the immune system is a promising 
therapeutic strategy as suggested by several randomized trials

individual patient basis, causal associations with infec-
tion are difficult to make, owing to the invasive nature 
and low diagnostic yield of EMB. However, pathological 
and autopsy series have linked specific viral infections 
with up to 69% of cases of clinical myocarditis and/or 
pericarditis.16 Additionally, elevated serum levels of neu-
tralizing antibody titres to viruses have been measured 
in patients with idiopathic cardiomyopathy.17 These 
findings further support the theory of a viral pathogenic 
basis for myocarditis-induced cardiomyopathy.

Overall, little is known about the early stages of acute 
viral myocarditis in humans, including viral entry and 
replication and cellular injury and death. Enteroviruses 
(most commonly coxsackie B viruses) are responsible 
for up to 25% of viral myocarditis cases16 and, of all the 
major pathogens, their mode of cardiac infectivity is the 
best characterized in animal models. Enteroviruses gain 
access to human hosts via the gastrointestinal or respira-
tory tracts; the heart is targeted secondarily. Infection of 
the myocardium by enteroviruses occurs in three phases 
(Figure 2): phase 1 involves viral entry into myocytes and 
activation of innate immunity; during phase 2, viral rep-
lication and activation of acquired immune responses 
occur; and phase 3 is either resolution with recovery 
or development of dilated cardiomyopathy. In phase 1, 
viral entry is facilitated by decay accelerating factor and 
mediated through a specific cell-surface receptor, which 
allows internalization of the virus. Coxsackie B viruses 
and some adenoviruses exhibit tropism for cardiomyo-
cytes via a common transmembrane receptor, the cox-
sackievirus and adeno virus receptor (CAR).18–20 When 
CAR is knocked out in rodent models, neither infection 
by coxsackie viruses nor histological evidence of myo-
carditis occur.21 Several days after the initial infection, 
persistent viral replication leads to myocyte necrosis, as 
first described in mice infected with coxsackievirus B3.22 
Cellular degradation ensues (mediated by viral produc-
tion of protease 2A in the case of coxsackievirus B3),23 
as does circulation of intracellular antigens, includ-
ing myosin, which triggers the host’s immune system. 
Natural killer cells, macrophages, and eventually 
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Infectious aetiologies

Viral agents
■ Adenoviruses
■ Enteroviruses 
 (coxsackievirus)
■ Herpesviruses 
 (human herpesvirus 6, 
 Epstein–Barr virus)
■ Hepatitis C virus
■ HIV
■ In�uenza A
■ Parvovirus B19

Bacterial agents
■ Borrelia species
■ Mycobacterium species
■ Mycoplasma pneumoniae
■ Streptococcal species
■ Treponema pallidum

Protozoal agents
■ Trypanosoma cruzi
 (Chagas disease)

Parasitic 
agents
■ Larva 
 migrans
■ Schistosomiasis

Fungal agents
■ Aspergillus species 
■ Candida species
■ Coccidioides species
■ Cryptococcus species
■ Histoplasma species

Noninfectious aetiologies

Toxins
■ Anthracyclines
■ Cocaine
■ Interleukin-2

Immunological syndromes
■ Churg–Strauss syndrome
■ Diabetes mellitus
■ In�ammatory bowel disease
■ Giant cell myocarditis
■ Granulomatosis with 
 polyangiitis (Wegener 
 granulomatosis)
■ Sarcoidosis
■ Systemic lupus 
 erythematosus
■ Takayasu arteritis
■ Thyrotoxicosis

Hypersensitivity
■ Cephalosporins
■ Digoxin
■ Diuretics
■ Dobutamine
■ Sulfonamides
■ Tricyclic 
 antidepressants

Figure 1 | Common causes of myocarditis. Viral infection is the most common aetiology, but several other aetiologies 
of myocarditis have also been implicated.
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T lymphocytes are recruited to the site of infection, 
causing further myocardial injury and marking the onset 
of phase 2. Autoimmune reactions—possibly facilitated 
by molecular mimicry—activate virus-specific T cells 
that target host myocardium. High levels of cytokines, 
particularly tumour necrosis factor (TNF), IL-1a, IL-1b, 
IL-2, and IFN-γ, are produced during this phase. These 
cytokines, together with antibodies to viral and cardiac 
proteins, can further potentiate cardiac damage and 
compromise systolic function through derangement 
of the contractile apparatus and/or interstitial cells and 
matrix proteins (for example dystrophin cleavage by pro-
tease 2A). The subacute phase of myocarditis (phase 2) 
can last weeks to several months and, in most patients, 
the immune response and ventricular contractile func-
tion improve as viral titres decrease. However, in some 
patients, the cardiomyopathy enters a chronic and irre-
versible phase. In summary, enteroviruses cause even-
tual systolic dysfunction through a cascade of cytotoxic 
events initiated by direct infection of the cardiomyocyte 
by the virus.

Other cardiotropic viruses can cause myocarditis 
by infection of cardiac endothelial cells. For example, 

parvovirus B19 can hibernate in bone marrow after 
primary infection in childhood; the virus later infects 
cardiac endothelium. Parvovirus B19 genomes have 
been found in endothelial cells of venuoles, small arter-
ies, and arterioles in patients with fulminant myocardi-
tis.24 In a series of EMBs, parvovirus B19 genomes were 
identified in 64% of patients with myocarditis com-
pared with 7% in normal controls.25 The virus exerts its 
pathogenic effects by activation of cytokines (IL-6 and 
TNF) and induction of apoptosis, leading to endothelial 
dysfunction. If extensive enough, endothelial damage 
might compromise tissue perfusion, causing ischaemia 
and systolic dysfunction. This process is also marked 
by upregulation of adhesion molecules (for example 
E-selectin) on the endothelial cell surface, which 
home T lymphocytes to the myocardium.24 Massive 
accumulation of lymphocytes in the coronary micro-
circulation can increase coronary resistance, trigger 
coronary vaso spasm, and induce myocyte necrosis. 
Thus, although parvovirus does not directly infect 
cardio myocytes, the downstream effects of endothelial 
cell infection can still lead to ventricular dysfunction 
and eventual cardiomyopathy.

Resolution
Clearance of virus

Normalization of LV systolic
function

Phase 1
Viral entry and activation of innate immune response
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Phase 2
Activation of acquired immune response

Genetic predisposition
Viral uptake mediated

by CAR and DAF

Phase 3
Recovery or

disease progression

Active viral replication
Viral-mediated cardiomyocytolysis
Viral protease-induced apoptosis
Cardiac autoantibodies present

Innate immune responses
including expression of

interferons, interleukins, TNF-α,
induction of cytokine mRNA

Activation of adaptive immunity
Cytokine and chemokine release

T-cell-mediated clearance
of virus-infected cells

T-cell-mediated myocardial injury/
necrosis and production of
interleukins and interferons

Cardiac autoantibodies present

Minutes to hours 1–7 days 1–4 weeks Months to years

Dilated cardiomyopathy
Delayed or ineffective viral

clearance with chronic
in�ammation

Myocyte degeneration,
interstitial �brosis, hypertrophy

Global remodelling
Chronically reduced LV

ejection fraction

Macrophage

T cell Persistent virus or
genomic material

Coxsackievirus DAF

CAR

NK cell

Figure 2 | Temporal phases of coxsackievirus-mediated myocarditis. Phase 1 commences with viral entry into the host 
and transit to the myocardium. In predisposed individuals, coxsackievirus binds to DAF on the cell surface, which shuttles 
the virus towards the CAR, localized at cell–cell junctions. The complex is internalized by the cell, triggering numerous 
cellular responses and activation of host innate immunity. Virus replication within the cardiomyocyte causes cell lysis, 
which prompts a set of cascades leading to the release of cytokines. In phase 2, both cellular and humoral responses 
contribute to autoimmune-mediated injury. The first immune cells recruited to the injured myocardium are NK cells, followed 
by macrophages. Infiltration of T cells typically peaks at 7–14 days; this timing coincides with the most severe phase of 
disease. As viral titres decrease, inflammation subsides (phase 3) and some individuals experience complete resolution 
of myocardial injury. However, in other patients, viral genomic material persists (in some cases up to 12 months; viral 
persistence throughout the entirety of end-stage disease until time of transplantation has been demonstrated),57 
contributing to chronic inflammation and dilated cardiomyopathy. Abbreviations: CAR, coxsackievirus and adenovirus 
receptor; DAF, decay accelerating factor; LV, left ventricular; NK, natural killer; TNF, tumour necrosis factor.
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Although enteroviruses have historically been consid-
ered to be the most common cause of viral myocarditis, 
PCR data indicate that various viruses have a role in 
the aetiology of acute viral myocarditis.26 In a series of 
172 patients with dilated cardiomyopathy, PCR demon-
strated the following genomic distribution: parvovirus 
B19 (36.6%), enteroviruses (32.6%), human herpes-
virus 6 (10.5%), and adenoviruses (8.1%).27 Whether 
this finding relates to evolutionary genomic changes 
in these viruses or geographical differences in viral 
p revalence and infectivity remains to be investigated.

Presentation and natural history
Myocarditis presents with heterogeneous signs and 
symptoms, ranging from subclinical disease to chest 
pain that can mimic myocardial infarction or pericar-
ditis, refractory cardiogenic shock, or sudden cardiac 
death from ventricular fibrillation.28 Depending on 
the degree of LV dysfunction, acute and chronic heart 
failure might occur along with cardiac arrhythmias. 
A viral syndrome involving the respiratory or gastro-
intestinal tract with associated systemic symptoms 
might precede the onset of cardiac symptoms, although 
the occurrence of such a viral syndrome is highly vari-
able.29 Serum cardiac biomarkers, specifically troponin I 
and troponin T, can be elevated in cases of myocardi-
tis and help to confirm the diagnosis, but lack sensitivity. 
For example, in the Multicentre Myocarditis Treatment 
trial, the sensitivity of elevated troponin I levels in 
patients with biopsy-proven myocarditis was 34%, speci-
ficity was 89%, with a positive predictive value of 82%.30 
Troponin I and troponin T are more frequently elevated 
than creatinine kinase-MB, with increased levels of tro-
ponin I at presentation portending a worse prognosis.30 
These findings have led to the routine measurement of 
cardiac biomarkers in patients with suspected myocar-
ditis. Other serum markers of inflammation, including 
white blood cell count, erythrocyte sedimentation rate, 
and C-reactive protein levels, can be elevated in acute 
myocarditis, but are neither sensitive nor specific in 
terms of determining the presence or absence of active 
myocardial inflammation.30,31

Electrocardiogram findings are neither sensitive nor 
specific for the diagnosis of myocarditis; these abnor-
malities might include nonspecific ST-segment changes, 
T-wave inversions, and ST-segment elevations imitating 
acute myocardial ischaemia or infarction.32 Segmental 
wall motion abnormalities might be present, owing to 
the focal nature of the initial inflammatory process, and 
global echocardiographic wall motion abnormalities 
have also been reported.33 This finding is hardly sur-
prising, because CMR studies of patients with myocar-
ditis reveal an inflammatory process that evolves from 
focal to diffuse in the first few weeks after the clinical 
presentation.34 Accordingly, echocardiographic findings 
are largely dependent on both the manner and timing of 
a patient’s presentation. Those patients with fulminant 
myocarditis typically have normal LV diastolic dimen-
sions, but increased septal thickness at presentation, 
whereas patients with acute viral myocarditis might 

have either normal or increased diastolic dimensions, 
but normal septal thickness, consistent with other forms 
of acute dilated cardiomyopathy.35

The natural history of myocarditis is unpredict-
able. Acute myocarditis in patients who present with 
heart failure and mild LV systolic dysfunction typi-
cally recover in weeks to months. Among patients who 
present with significant LV dysfunction, 50% of patients 
will have complete resolution, 25% will go on to have 
chronic systolic dysfunction, and 25% will progress 
towards an end-stage cardiomyopathy resulting in trans-
plantation or death.5,36 The prognosis of myocarditis is 
influenced by the specific aetiology together with par-
ticular diagnostic and clinical features at presentation. 
Mortality for biopsy-verified viral myocarditis has been 
reported as 20% and 56% at 1 year and 4.3 years, respec-
tively.29 Patients with preserved LV function at diagnosis 
have a good prognosis, whereas patients with severe LV 
and biventricular dysfunction without haemodynamic 
collapse tend to do worse. Other clinical markers that 
might predict a poor prognosis include a history of 
syncope, a prolonged QRS duration, left bundle branch 
block, pulmonary hypertension, and NYHA class III or 
IV heart failure symptoms.15 Incorporating EMB find-
ings, patients with NYHA functional class III or IV 
with positive immunohistology who are not receiving 
optimal heart failure therapy have the poorest progno-
sis, with a 5-year transplantation-free survival of only 
39%.37 Interestingly, patients who presented with ful-
minant myocarditis and cardiogenic shock in an early 
series were reported to have an excellent long-term 
prognosis.38 However, in a subsequent observational 
study, 2-year mortality was >50%.39 Patients with giant-
cell myocarditis have a substantially worse progno-
sis, with <20% of patients surviving 5 years, but early 
initi ation of immunosuppressive therapy or advanced 
mechanical support can influence the natural history of 
giant-cell myocarditis.40

Diagnostic imaging
CMR is a valuable noninvasive imaging technology 
that is especially useful for patients with myocarditis, 
by virtue of its capacity to detect inflammation, oedema, 
necrosis, and fibrosis within myocardial tissue.41 Several 
imaging sequences exist that can be used to differenti-
ate and identify various characteristics associated with 
both acute and chronic myocarditis.42 T2-weighted 
imaging enables detection of myocardial oedema and 
tissue hyperaemia, which are features that are used as 
surrogates for myocardial inflammation.43 Contrast 
imaging with gadolinium enables both detection 
of early capillary leakage on the basis of T1-weighted 
early gadolinium enhancement, and accurate diagnosis 
of myocardial necrosis and fibrosis on the basis of late 
gadolinium enhancement (LGE).41,43 LGE is frequently 
observed in patients with active myocarditis in a pattern 
that is distinct from ischaemic myocardial injury. LGE 
imaging in myocarditis has indicated two common pat-
terns of myocardial injury: either an intramural, rim-
like pattern involving the septum, or a patchy epicardial 
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distribution involving the lateral free wall of the left ven-
tricle (Figure 3).44 In a series of 222 consecutive patients 
with biopsy-proven myocarditis, the presence of LGE 
yielded a hazard ratio of 8.4 for all-cause mortality and 
12.8 for cardiac mortality, independent of symptoms.45 
A study has also shown that a decrease in the extent of 
LGE over time is often associated with an improvement 
in LV systolic function in patients with a subepicardial 
LGE pattern in the LV free wall.44 By contrast, patients 
whose intramural septal LGE pattern does not regress 
over time tend to have poor outcomes.44 Although 
excellent diagnostic correlation exists between CMR 
and EMB in troponin-positive patients without coro-
nary artery disease who present with features consist-
ent with myocarditis, diagnosis is more challenging with 
LGE in patients with less inflammation and a prolonged 
d uration of symptoms.46

The ESC position statement on diagnosis of myocar-
ditis affirms the use of CMR in clinically stable patients 
suspected of having myocarditis before EMB.1 A com-
bination of CMR techniques is recommended, includ-
ing T1-weighted early gadolinium enhancement, LGE, 
and T2-weighted oedema imaging, which indicates, at 
the tissue level, the presence of oedema, hyperaemia, 
and irreversible cell injury. This combined method has 
been termed the Lake Louise criteria.1,42 Contemporary 
CMR techniques used to characterize myocardial tissue 
enable the noninvasive diagnosis of myocarditis with 
high specificity, but less-than-ideal sensitivity. The pres-
ence of two of the three CMR characteristics listed in 

the Lake Louise criteria leads to a sensitivity of 67%, 
specificity of 91%, positive predictive value of 91%, and 
negative predictive value of 69% for the diagnosis of 
myocarditis.42,43,47 The sensitivity of CMR for the diag-
nosis of myocarditis is likely to be limited in patients 
with mild myocardial inflammation, owing to inad-
equate spatial resolution; studies have shown that the 
diagnosis is made more frequently by CMR in patients 
with active myocarditis than in those with borderline 
myocarditis.46 Other important limitations associated 
with the diagnosis of myocarditis using only CMR is 
the absence of detailed information about the degree 
of inflammation provided by EMB and the inability 
to identify specific forms of myocarditis (viral, bac-
terial, giant cell, or eosinophilic) that require distinct 
t herapeutic treatment.41,48

Although CMR is a promising technology, its sensitiv-
ity for the diagnosis of myocarditis must be improved, 
and additional imaging techniques should be explored 
for the acquisition of more-detailed information regard-
ing both the mechanism and aetiology of the myocar-
dial inflammation. One potential focus for research is 
in the development of novel imaging agents that high-
light areas of active myocarditis on CMR. The detec-
tion of immune cell infiltration in experimental viral 
myocarditis by 19F MRI in vivo is plausible with the use 
of biochemically inert perfluorocarbons. These per-
fluorocarbons are taken up by circulating macrophages, 
recruited to areas of myocardial infection and/or inflam-
mation, and can be visualized by CMR.49 An alternative 
approach is to develop molecular labels for CMR-based 
detection of virus. Gadolinium-conjugated monoclonal 
antibodies are currently being studied for noninvasive 
molecular imaging of melanoma, and antibody-labelled 
superparamagnetic iron oxide can localize prostate 
cancer cells under MRI visualization.50,51 Development 
of such agents directed against antigens in the viral 
capsid might theoretically enable a noninvasive and 
robust global myocardial ‘biopsy’.

The potential role of PET cardiac imaging for diagnos-
ing myocarditis is intriguing. 18F-fluoro-2-deoxyglucose 
PET (18F-FDG-PET) is a molecular imaging technique 
that is highly sensitive to metabolically active pro-
cesses, including inflammation.52 Although it has yet 
to be investigated in patients with viral myocarditis, 
studies have demonstrated the promising potential of 
18F-FDG-PET in the diagnosis and evaluation of patients 
with cardiac sarcoidosis via the detection of active 
 myocardial inflammation.53–55

Role of EMB as a diagnostic tool
EMB, using standardized histopathological (Dallas cri-
teria11) and immunohistochemical diagnostic cri teria, is 
the current gold standard by which a diagnosis of myo-
carditis is made. The Dallas criteria define active myo-
carditis as an inflammatory infiltrate of the myocardium 
with necrosis and/or degeneration of adjacent myocytes 
not typical of the ischaemic damage associated with coro-
nary artery disease (Figure 3).11 The infiltrates are usually 
lymphocytic, but might be neutrophilic or, occasionally, 
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Figure 3 | Acute viral myocarditis is characterized by a destructive immune 
response in the myocardium. a | Substantial inflammatory infiltration (blue staining) 
is seen on haematoxylin and eosin staining of a left ventricular apical specimen 
from a woman aged 56 years with fulminant myocarditis (magnification ×100). 
b | The same specimen shows profound lymphocyte and macrophage intrusion 
(black arrows), myocyte destruction (asterix), derangement of myocardial 
architecture (yellow arrows), and intracellular oedema (haematoxylin and eosin 
staining, magnification ×400). c | Four-chamber and d | short-axis images acquired 
using cardiac MRI in a separate patient with acute myocarditis revealing abnormal 
patchy epicardial delayed gadolinium enhancement in the inferolateral segments. 
Abbreviations: LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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eosinophilic, and almost always include macrophages. 
‘Borderline myocarditis’ is the term used when the 
inflammatory infiltrate is too sparse or myocyte injury 
is not demonstrated.11 The Dallas criteria are limited, 
however, by virtue of a high degree of interobserver vari-
ability in pathological interpretation and the inability to 
detect noncellular inflammatory processes, and yields 
diagnostic information in only 10–20% of patients.5,15 
Therefore, immunohistochemistry with the use of a large 
panel of monoclonal and polyclonal antibodies is now 
obligatory to differentiate the inflammatory components 
present and the immuno logical processes activated.1 
According to the WHO definition, active myocarditis 
is present with immunohistochemical detection of focal 
or diffuse mononuclear infiltrates (T lymphocytes and 
macrophages) using a cut-off of >14 cells per mm2, in 
addition to increased expression of HLA class II mol-
ecules.2 Molecular detection of viral genomic sequences 
in diseased myocardium is also feasible and, when 
coupled with immunohistochemical analysis, increases 
the diagnostic accuracy of EMB in addition to provid-
ing an aetiology and offering prognostic information.56–58 
Whereas the Dallas criteria11 are not an accurate predic-
tor of poor outcomes, immunohistological evidence 
of inflammatory infiltrates within the myocardium is 
associated with an increased risk of cardiovascular death 
and need for heart transplantation.37 Furthermore, when 
120 patients with viral myocarditis were prospectively 
evaluated and divided into two groups on the basis of 
the absence or presence of enteroviral genomes in EMB 
samples, mortality and progression to end-stage cardio-
myopathy was significantly greater in those with residual 
viral genome in the myocardium than in those with no 
virus detected.59 Importantly, persistence of viral genome 
on repeat EMB was subsequently associated with pro-
gressive LV dysfunction, whereas spontaneous viral 
clearance was associated with improvement in systolic 
function.27 Information about the safety of particular 
treatments can also be gleaned from data obtained via 
EMB. Detection of specific HLA markers on EMB tissue 
sections combined with the absence of infectious agents 
(PCR-negative for viral genome) suggests either primary 
or postinfectious immune-mediated myocarditis, at 
which point immunosuppression might be considered.60

EMB performed early in the clinical presentation 
typically generates the most diagnostic information. 
However, EMB seems to be infrequently used to make 
the diagnosis, irrespective of time course. In 2007, 
the AHA/ACC/ESC consensus statement on the role 
of EMB in the management of cardiovascular disease 
provided 14 clinical scenarios in which the utility and 
safety of EMB were weighed against the risks of per-
forming the procedure.48 A class I recommendation for 
early EMB is reserved for patients with rapidly advanc-
ing cardiomyopathy refractory to conventional therapy, 
or unexplained cardiomyopathy associated with ven-
tricular arrhythmias or conduction disease.48 However, 
these recommendations were based on application of 
the Dallas criteria, in which the diagnostic, prognostic, 
and therapeutic value is limited.37 The incorporation 

of immunohistochemical analysis for the detection 
of inflammation, as well as viral genome analysis, has 
improved the diagnostic and prognostic accuracy and 
usefulness of EMB.37,60 As a result, the 2013 ESC posi-
tion statement on myocardial disease advocates a more 
liberal application of EMB with immunohistochemical 
and viral genomic analysis in the evaluation of patients 
with suspected myocarditis.1

For a multitude of reasons, EMB is not routinely 
employed in the diagnosis of myocarditis. However, if 
EMB is performed in experienced centres, its major com-
plication rate is <1%, which is similar to that of coronary 
angiography.61,62 Because the diagnostic yield of EMB 
is low in many instances, considerations for LV, biven-
tricular, and image-guided biopsy techniques have been 
studied. The question of whether the location of biopsy 
sample might affect the accuracy of EMB-based diagnosis 
was reviewed in a study of 755 patients with clinically 
suspected myocarditis and/or cardiomyopathy of non-
ischaemic origin.62 Patients underwent selective LV EMB, 
selective right ventricular (RV) EMB, or biventricular 
EMB. CMR was also performed in the majority of these 
patients. The major complication rates were 0.64% for 
LV EMB and 0.82% for RV EMB. Diagnostic EMB results 
were achieved significantly more often in those patients 
who underwent biventricular EMBs (79.3%) than in 
those who underwent either selective LV EMB or selec-
tive RV EMB (67.3%; P <0.001). The diagnostic utility 
of LV, RV, and biventricular EMB was also examined 
in 4,221 patients with unexplained dilated cardiomyo-
pathy.63 Myocarditis was detected in 47% of LV EMB, 
33% of RV EMB, and 49.6% of biventricular biopsies.

CMR is particularly useful in facilitating a guided 
approach by virtue of its utility in distinguishing between 
diseased and normal myocardium. The hypothesis that 
CMR might aid EMB-based diagnosis was tested when 
LGE-guided biopsy of the left and right ventricles was 
used in 32 patients with suspected myocarditis.64 LGE-
guided biopsy resulted in positive and negative predic-
tive values for detecting myocarditis in 71% and 100% of 
patients, respectively. However, another study to assess 
whether the diagnostic yield of EMB might be improved 
with tissue taken from sites of LGE provided contrasting 
findings. For 116 patients who underwent biventricu-
lar EMBs (with biopsy-proven myocarditis) and a CMR 
study showing LGE, the distribution of LGE in relation 
to the EMB results was analysed.62 No significant differ-
ences were found in the number of diagnostic LV, RV, 
or biventricular EMBs when related to the site of LGE. 
Reasons for this finding include the fact that LGE is a 
nonspecific feature of myocardial injury that might be 
present in patients with both active and healed myo-
carditis.41 Alternative CMR sequences directed at active 
inflammation, such as the T2-weighted sequence, might 
prove to be a better guide for EMB, although this theory 
has yet to be studied.41

Status of immunosuppression
Therapy for myocarditis currently focuses largely on 
supportive care with attention to guideline-directed 
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treatment of heart failure and arrhythmia.1 Patients 
who present with haemodynamic collapse might 
require mechanical support, either as a bridge to trans-
plantation or recovery. While NSAIDs and colchicine 
are indicated for the treatment of acute pericarditis, 
NSAIDs have been associated with increased mortality 
in animal models of myocarditis.65,66 As the pathogenesis 
of myocardial dysfunction apparent in myocarditis is a 
consequence of a maladaptive hyperimmune response 
triggered by viral infection, therapy directed towards 
modulating the immune response has been consid-
ered potentially beneficial. This hypothesis has been 
tested in both observational as well as controlled clini-
cal trials. Although some investigators were optimistic 
after the results of several small observational studies, 
the high incidence of clinical improvement with stand-
ard heart failure treatment and substantial rate of spon-
taneous improvement in LV function substantiated the 
need for a control arm to evaluate treatment efficacy 
properly.67 Accordingly, we will focus on the large ran-
domized, controlled clinical trials reporting on the use 
of im munosuppressive therapy (Table 1).

The first of these trials was designed to study the use 
of prednisone in patients with an unexplained dilated 
cardiomyopathy and the presence of inflammatory 
features confirmed by serum biomarkers, histopathol-
ogy, or nuclear imaging.68 Reactive patients (defined as 
those who had fibroblastic or lymphocytic infiltration or 
immunoglobulin deposition on EMB) treated with pred-
nisone were more likely than reactive controls to have 
≥5% improvement in LV ejection fraction (LVEF) at 
3 months. However, this improvement was not sustained 

at 6 months or 9 months. The Myocarditis Treatment 
Trial investigators randomly assigned 111 patients 
with biopsy-verified myocarditis, symptom duration of 
<24 months, and LVEF ≤35% to receive conventional 
therapy or immunosuppressive therapy in the form of 
prednisone and either azathioprine or ciclosporin.29 
After 1 year of treatment, mortality and improvement in 
LV systolic function did not significantly differ between 
the two groups. LVEF improved by 10% in both cohorts. 
Notably, neither immunohistochemistry nor viral 
genomic analyses were performed on the biopsy speci-
mens in this study, so patients with ongoing viral infec-
tion might have been treated with immunosuppressive 
therapy, thereby affecting the results. In another study, 
84 patients with dilated cardiomyopathy, symptom 
duration of >6 months, and increased HLA expres-
sion on EMB (marker of persistent immune activation 
and chronic inflammation) were randomly assigned to 
receive placebo or immunsuppression in the form of 
prednisone and azathioprine.69 No significant differ-
ences were detected in the primary composite end point 
of death, heart transplantation, or hospital readmissions 
after 2 years between the two study groups. However, at 
3 months and 2 years, LV systolic function and other 
echocardiographic indices had significantly improved 
with immunosuppression compared with placebo.

The presence of virus in biopsy specimens is rele-
vant, given that one randomized immunosuppressive 
trial demonstrated improved LV systolic function and 
decreased LV dimensions at 6 months in patients with 
chronic, virus-negative myocarditis refractory to standard 
therapy.70 In this study, 85 patients with biopsy-proven 

Table 1 | Prospective randomized, controlled trials of immunosuppression and immunomodulation in myocarditis

Authors Design Primary end point Results

Parrillo 
et al.68

Randomized, controlled trial of 102 
patients with a history of idiopathic DCM 
to compare prednisone with placebo

Improved LVEF at 3 months 
or reduced LV end-diastolic 
dimensions

Mean LVEF increased 4.3 ± 1.5% in the 
prednisone group compared with 
2.1 ± 0.8% in the control group (P <0.054)

Mason 
et al.29

Randomized, controlled trial of 111 
patients with biopsy-proven myocarditis 
(unknown aetiology) to compare 
prednisone plus ciclosporin or 
azathioprine with conventional therapy

LVEF at 28 weeks No difference in LVEF or survival between 
the two groups (P = 0.96)

Wojnicz 
et al.69

Randomized, controlled trial of 84 patients 
with inflammatory DCM (unknown 
aetiology, increased HLA expression on 
EMB) to compare prednisone plus 
azathioprine with placebo

A composite of death, 
heart transplantation, 
and hospital readmission 
over 2 years

No significant difference in primary end 
point (22.8% for the immunosuppression 
group vs 20.5% for the placebo group)

Frustaci 
et al.70

Randomized, controlled trial of 85 patients 
with inflammatory, virus-negative DCM to 
compare prednisone plus azathioprine 
with placebo

LVEF at 6 months Significantly improved LVEF and 
decreased LV dimensions in 
immunosuppressive group

McNamara 
et al.74

Randomized, controlled trial of 62 patients 
with recent-onset unexplained DCM 
(≤6 months) to compare IVIG with placebo

Change in LVEF at 
6 months and 12 months

Both groups had similarly improved LVEF 
at 6 months and 12 months

Gullestad 
et al.75

Randomized, controlled trial of 40 patients 
with chronic DCM to compare IVIG 
with placebo

Change in LVEF at 
6 months

Improved LVEF at 6 months in IVIG group 
(LVEF increased from 26 ± 2% to 31 ± 3%, 
P <0.01) compared with placebo
Marked increase in plasma levels of 
anti-inflammatory mediators in IVIG group

Abbreviations: DCM, dilated cardiomyopathy; EMB, endomyocardial biopsy; IVIG, intravenous immunoglobulin; LV, left ventricular; LVEF, LV ejection fraction.

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved



NATURE REVIEWS | CARDIOLOGY  VOLUME 12 | NOVEMBER 2015 | 677

virus-negative inflammatory cardiomyopathy were ran-
domly assigned to placebo or to prednisone and azathio-
prine for 6 months. Echocardiographic features in 88% of 
patients who received immunosuppression significantly 
improved, whereas no patients in the control arm had 
any improvement in their LV systolic function. Notably, 
although the literature suggests that patients with viral 
myocarditis should not be treated with immunosuppres-
sion without biopsy-proven viral clearance, autoimmune 
myocarditis (including giant-cell myocarditis, sarcoido-
sis, lupus erythematosus, and eosinophilic myocarditis) is 
characterized by a profound response to glucocorticoids 
and immunosuppressive therapy.40,71 Current recommen-
dations for immunosuppressive therapy are summarized 
in Box 1.

Immunomodulatory therapy
Intravenous immunoglobulin (IVIG) is a potent immu-
nomodulatory therapy typically used in patients with 
systemic, antibody-mediated autoimmune disease, 
including giant-cell myocarditis.72,73 Thus far, the role 
of IVIG in viral myocarditis remains largely investiga-
tional. Its use was evaluated prospectively in a multi-
centre, double-blinded, randomized, controlled trial in 
62 patients with recent-onset heart failure and dilated 
cardio myopathy (defined as ≤6 months).74 Biopsy-
proven myocarditis of unspecified aetiology was present 
in 16% of patients. No treatment benefit was observed, 
either in terms of mortality or improved LV systolic func-
tion at 6 months or 12 months. The potential benefit of 
IVIG was also studied in a prospective, double-blinded, 
randomized, placebo-controlled trial in 40 patients 
with chronic dilated cardiomyopathy.75 EMB was not 
performed in these patients. IVIG was associated with 
significant improvement in LV systolic function (LVEF 
26 ± 2% to 31 ± 3%, P <0.01) as well as a significant 
increase in plasma levels of anti-inflammatory medi ators. 
Studies in the paediatric population have also shown 
that the use of high-dose IVIG for treatment of acute 

myocarditis is associated with improved recovery of LV 
function and an increased probability of survival during 
the first year after presentation.76 However, multi centre, 
placebo-controlled trials using IVIG in adult patients 
are still required to establish its efficacy in patients with 
biopsy-proven myocarditis.

As various autoantibodies targeting cardiac cell pro-
teins have been detected in patients with myocarditis 
with a presumed pathogenic role, therapeutic strategies 
such as immunoadsorption of disease-causing antibod-
ies have been suggested.1,77 The rationale for the applica-
tion of immunoadsorption stems from its use in other 
autoimmune, antibody-mediated disorders.78,79 In small 
studies, immunoadsorption in patients with dilated 
cardio myopathy has been shown to improve LV systolic 
function and levels of heart failure biomarkers, reduce 
myocardial inflammation, and ameliorate important 
haemodynamic parameters, including systemic vascu-
lar resistance and cardiac output indices.77,80–83 Although 
promising, current guidelines do not give recommen-
dations for the use of immunoadsorption in patients 
with myocarditis, owing to the lack of large-scale, ran-
domized, controlled trials to evaluate this treatment 
strategy.1 However, a large, prospective, multicentre, 
randomized, controlled trial on the therapeutic effect 
of immunoadsorption for patients with myocarditis-
related dilated cardiomyopathy is currently underway 
in Europe.84 Lastly, despite a wealth of preclinical data 
indicating a potential therapeutic role for TNF antago-
nism,85 several clinical trials have failed to demonstrate 
a clinical benefit of using soluble TNF antagonists in 
patients with chronic heart failure; the data indicate the 
therapy could actually be harmful.85,86

Antiviral therapy
Currently, no approved pathogen-directed or anti-
viral therapies for patients with viral myocarditis exist. 
Treatment with aciclovir, ganciclovir, or valaciclovir for 
herpesvirus infection might be considered, although 
their efficacy has not been directly evaluated in patients 
with myocarditis.87 Vaccines could be a valuable option 
in the future, but have yet to be tested in myocarditis 
trials.88 In experimental animal studies, IFN-α and 
IFN-β reduced myocardial viral replication and damage, 
with IFN-β treatment more effective than IFN-α at com-
plete elimination of cardiac viral load.88,89 Spontaneous 
and treatment-related viral clearance with IFN-β has 
been associated with clinical and haemodynamic 
improvement in patients with myocarditis, whereas 
viral persistence remains a marker of poor outcomes as 
a result of progressive LV dysfunction.27,59,90 In a pilot 
study of 22 patients with persistent or progressive LV 
dysfunction, a 6-month treatment course with IFN-β 
effectively cleared enterovirus or adenovirus from the 
hearts of 100% of patients, with a resultant improve-
ment in LV function in 68% of these patients.90 However, 
IFN-β treatment has proven less effective in clearing 
parvovirus B19 infection.91 Again, large, randomized, 
placebo-controlled trials are required to establish the 
efficacy of antiviral therapy in patients with myocarditis.

Box 1 | Current recommendations for immunosuppressive therapy from the ESC

1. Immunosuppression should be started only after ruling out active infection 
on EMB by PCR

2. Based on experience with noncardiac autoimmune disease, consideration 
of immunosuppression in proven autoimmune (for example, infection-
negative) forms of myocarditis, should be made if no contraindications 
to immunosuppression are present, including giant-cell myocarditis, 
cardiac sarcoidosis, and myocarditis associated with known extracardiac 
autoimmune disease

3. Steroid therapy is indicated in cardiac sarcoidosis in the presence of 
ventricular dysfunction and/or arrhythmia and in some forms of infection-
negative eosinophilic or toxic myocarditis with heart failure and/or arrhythmia

4. Immunosuppression can be considered, on an individual basis, in infection-
negative lymphocytic myocarditis refractory to standard therapy in patients 
with no contraindications to immunosuppression

5. Follow-up EMB can be required to guide the intensity and the length of 
immunosuppression

Abbreviations: EMB, endomyocardial biopsy; ESC, European Society of Cardiology. Adapted 
from Caforio, A. L. P. et al. Current state of knowledge on aetiology, diagnosis, management, 
and therapy of myocarditis: a position statement from the European Society of Cardiology 
Working Group on Myocardial and Pericardial Diseases. Eur. Heart J. 34 (33), 2636–2648 © 
(2013), with permission from Oxford University Press and the European Society of Cardiology.

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved



678 | NOVEMBER 2015 | VOLUME 12 www.nature.com/nrcardio

Latest advances and future directions
Although the pathogenesis of viral myocarditis has 
been described in animal models and is supported by 
pathological data from humans, whether the process 
is fully recapitulated in humans is unclear. Human 
mature cardiomyocytes can be procured only through 
invasive myocardial biopsy and are not easily cultured 
in vitro, which poses a challenge to studying the course 
of infection in human myocardium. However, advances 
in somatic cell reprogramming technology have 
enabled the generation of induced pluripotent stem 
cells (iPSCs) from human dermal fibroblasts, which 
can then be readily differentiated into cardiomyo-
cytes. Such iPSC-derived cardiomyocytes (iPSC-CMs) 
have already been used to study human cardiovascular 
disease.92 An in vitro model of human viral myocardi-
tis has been developed by infecting human iPSC-CMs 
with coxsackievirus.93 Infected cells harboured delete-
rious changes in myocyte structure and function and 
responded variably to several antiviral compounds. This 
iPSC-CM model is an exciting platform for studying 
disease mechanisms and for high-throughput screening 
of potential therapeutics.

In the early 1980s, it was recognized that patients 
with viral myocarditis had circulating antisarcolem-
mal and antiendothelial antibodies that induced 
complement-mediated cytotoxic reactions.94,95 More 
than 3 decades later, the underpinnings of myocar-
dial response to viral exposure remain elusive. If more 
than half the population is seropositive for coxsackie-
virus,96 why is viral myocarditis such a relatively rare 
phenomenon? Indeed, 76% of patients who become 
infected with coxsackievirus have no apparent clinical 
manifestations.97 Therefore, a set of human host genetic 
factors might exist that confer predilection to, or pro-
tection from, myocardial injury as suggested by animal 
models. Indeed, modification of genetically determined 
immune responses in some mouse strains alters viral 
elimination from the heart during the acute stages of 
infection, and such strains undergo substantial cardiac 
remodelling leading to a chronic form of myocardi-
tis.98 Thus, identifying the molecular basis for differ-
ences in susceptibility between individuals could open 
new therapeutic windows for preventing or tr eating 
viral myocarditis.

In practice, physicians rely on an amalgamation of 
clinical features, laboratory analyses, and imaging data 
to evaluate and care for patients with suspected myo-
carditis. Without formal guidelines, no blueprint exists 
to steer practitioners towards a uniform pathway for 
evaluation, diagnosis, and treatment of this disease. We 
suggest an algorithm delineating a step-wise approach to 
the diagnosis and treatment of patients with suspected 
myocarditis (Figure 4). We propose that EMB be per-
formed on individuals presenting with sudden and 
severe symptoms or persistent LV dysfunction after ini-
tiation of neurohormonal therapy. This strategy eman-
ates from our own clinical experience in conjunction 
with the AHA/ACC/ESC guidelines on the role of EMB 
in the management of cardiovascular disease.48

Conclusions
Myocarditis typically results from infection by a cardio-
tropic virus followed by active inflammatory destruction 
of the myocardium. As a disease entity, characteriza-
tion of myocarditis has been hampered by its hetero-
geneous clinical presentations and diverse aetiologies. 
CMR is a helpful adjunct in establishing the diagno-
sis, although EMB remains the current gold standard. 
Targeted sample collection guided by CMR and more 
sophisticated analysis of biopsy specimens with detec-
tion of viral genomes and immunohistochemical evalu-
ation could lead to expanded indications for pursuing 
EMB (Figure 4). Treatment of myocarditis remains 
largely supportive. Immunosuppressive therapy can be 
beneficial in patients with giant-cell myocarditis and 
sarcoidosis; however, its role in chronic, virus-negative 
myocarditis, although promising, requires further elu-
cidation. The use of immunomodulatory and antiviral 
therapy remains largely investigational at this time. 
Large, randomized, controlled trials are needed to 
determine their role in the treatment of inflammatory 
heart disease.

Virus negative (PCR) Virus positive (PCR)

Consider immunosuppressive therapy Consider antiviral therapy

Nature Reviews | Cardiology

Normal LV
function

No EMB EMB

No myocarditis Evidence of lymphocytic myocarditis

Recovery Persistent LV
dysfunction

despite 3 months
of optimal therapy

Supportive
care

Initiation of
neurohormonal

antagonists

Cardiac MRI

Exclude
coronary artery
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appropriate

Haemodynamically
stable

Advanced heart
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including
mechanical
circulatory

support
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Figure 4 | Diagnostic and clinical algorithm for myocarditis. Comprehensive 
clinical practice guidelines specific to the treatment of myocarditis do not exist. 
We have proposed this algorithm for the diagnosis and treatment of patients 
with myocarditis. If any uncertainty exists with regard to the diagnosis, cardiac 
MRI is extremely valuable, owing to its high specificity and capacity to distinguish 
myocarditis from other myocardial disease processes. Abbreviations: ECG, 
electrocardiogram; EMB, endomyocardial biopsy; LV, left ventricular.
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