Journal of

%

Clinical Medicine

Review

Biomarkers in Acute Myocarditis and Chronic Inflammatory
Cardiomyopathy: An Updated Review of the Literature

Giulia Crisci 2t, Emanuele Bobbio
Emma Ferone %7, Muhammad Zubair Israr 8, Liam M. Heaney °7, Christian L. Polte 1%, Antonio Cannata

and Andrea Salzano 811:*

check for
updates

Citation: Crisci, G.; Bobbio, E.;
Gentile, P.; Bromage, D.I; Bollano, E.;
Ferone, E.; Israr, M.Z.; Heaney, L.M.;
Polte, C.L.; Cannata, A.; et al.
Biomarkers in Acute Myocarditis and
Chronic Inflammatory
Cardiomyopathy: An Updated
Review of the Literature. J. Clin. Med.
2023, 12, 7214. https:/ /doi.org/
10.3390/jem12237214

Academic Editor: Dinesh K. Kalra

Received: 14 October 2023
Revised: 10 November 2023
Accepted: 17 November 2023
Published: 21 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3,4, 4

, Piero Gentile %, Daniel I. Bromage %7, Entela Bollano 34,
6,7,%

Department of Translational Medical Sciences, Federico II University, 80131 Naples, Italy;
criscigiulia21@gmail.com

2 Ttalian Clinical Outcome Research and Reporting Program (I-CORRP), 80131 Naples, Italy

Department of Cardiology, Sahlgrenska University Hospital, 41345 Gothenburg, Sweden;
emanuele.bobbio@vgregion.se (E.B.); entela.bollano@vgregion.se (E.B.)

Institute of Medicine, The Sahlgrenska Academy at the University of Gothenburg, 41390 Gothenburg, Sweden;
christian.polte@vgregion.se

De Gasperis Cardio Center, Niguarda Hospital, 20162 Milan, Italy; pierogentile.87@gmail.com
Department of Cardiology, King’s College Hospital NHS Foundation Trust, Denmark Hill,

London SE5 9RS, UK; daniel.bromage@kcl.ac.uk (D.I.B.); emma.ferone@kcl.ac.uk (E.F.)

Department of Cardiovascular Sciences, Faculty of Life Sciences & Medicine, King’s College London,
London SE5 8AF, UK

Department of Cardiovascular Sciences, University of Leicester and NIHR Leicester Biomedical Research
Centre, Groby Road, Leicester LE3 9QP, UK; mzi3@leicester.ac.uk

School of Sport, Exercise and Health Sciences, Loughborough University, Loughborough LE11 3TU, UK;
Lm.heaney2@Iboro.ac.uk

Department of Clinical Physiology, Sahlgrenska University Hospital, 41345 Gothenburg, Sweden

11 Cardiology Unit, AORN A Cardarelli, 80131 Naples, Italy

Correspondence: antonio.cannata@kcl.ac.uk (A.C.); andre.salzano@gmail.com (A.S.)

These authors contributed equally to this work.

10

Abstract: Myocarditis is a disease caused by cardiac inflammation that can progress to dilated
cardiomyopathy, heart failure, and eventually death. Several etiologies, including autoimmune,
drug-induced, and infectious, lead to inflammation, which causes damage to the myocardium,
followed by remodeling and fibrosis. Although there has been an increasing understanding of
pathophysiology, early and accurate diagnosis, and effective treatment remain challenging due to the
high heterogeneity. As a result, many patients have poor prognosis, with those surviving at risk of
long-term sequelae. Current diagnostic methods, including imaging and endomyocardial biopsy, are,
at times, expensive, invasive, and not always performed early enough to affect disease progression.
Therefore, the identification of accurate, cost-effective, and prognostically informative biomarkers is
critical for screening and treatment. The review then focuses on the biomarkers currently associated
with these conditions, which have been extensively studied via blood tests and imaging techniques.
The information within this review was retrieved through extensive literature research conducted on
major publicly accessible databases and has been collated and revised by an international panel of
experts. The biomarkers discussed in the article have shown great promise in clinical research studies
and provide clinicians with essential tools for early diagnosis and improved outcomes.

Keywords: myocarditis; biomarkers; heart failure; inflammatory heart disease; cardiac sarcoidosis;
imaging

1. Introduction

Myocarditis is a heterogeneous inflammatory disease of the myocardium caused by
a wide range of factors, including infectious triggers as well as autoimmune disorders,
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hypersensitivity reactions, and toxins [1-3]. However, viral infections have been docu-
mented to constitute the most prevalent cause of myocarditis, particularly in children.
(Figure 1) [2,3]. Inflammatory cardiomyopathy (ICM) is defined as myocarditis in associa-
tion with ventricular remodeling and cardiac dysfunction [4]. As most cases of myocarditis
resolve spontaneously—with about 70% of patients recovering myocardial function in the
first year—the incidence and prevalence of this condition are difficult to estimate, and
the diagnosis is seldom verified with an endomyocardial biopsy (EMB) [5]. Nevertheless,
myocarditis and ICMs are noteworthy entities, and fulminant forms are still a common
cause of cardiogenic shock in young people [6,7].

Infectious etiologies
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Figure 1. Different etiologies implicated in the development of myocarditis. Abbreviations: GCM,
Giant cell myocarditis; HIV, Human immunodeficiency virus.

Myocarditis can be characterized based on etiology, phase, disease severity, pathologi-
cal findings, and predominant symptoms. Acute myocarditis is characterized by a short
amount of time elapsed from the onset of symptoms to diagnosis (within one month), while
chronic ICM is a progression of acute myocarditis associated with established dilated car-
diomyopathy or other types of established myocardial dysfunction and a longer duration
of symptoms [3,5]. Myocarditis can also be classified as eosinophilic, lymphocytic, giant
cell, or granulomatous, according to the dominating cell type infiltrating the myocardium
(Figure 2) [4].
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Figure 2. Different types of acute myocarditis. (A) Acute lymphocytic myocarditis with focal in-
flammatory cell infiltrates (black arrow) and cardiomyocyte necrosis. (B) Cardiac sarcoidosis, with
evidence of granuloma (black arrow). (C) Giant cell myocarditis, with presence of giant multinucle-
ated cells (yellow arrows). (D) Eosinophilic myocarditis. Re-used with permission from Dominguez
etal. [8].

The underlying mechanisms that lead to myocarditis and its progression from acute
inflammation to chronic dysfunction are still not fully understood. Some viruses, such as
Coxsackie B viruses, have been shown to cause direct tissue damage in animal models,
while others, such as parvovirus B19, have not been studied in this context [9-11]. There is
also some evidence to suggest that genetic abnormalities may play a role in susceptibility
to myocarditis, but further research is needed to understand this association [12,13].

No comprehensive population-based epidemiological study has been able to thor-
oughly record the wide range of clinical presentations seen in both acute and chronic
myocarditis. This is primarily due to two key factors: the constantly changing and varied
symptoms that patients exhibit, which continue to pose challenges for healthcare profession-
als attempting to make differential diagnoses, and the absence of reliable non-invasive tests,
which hampers the ability to establish definitive diagnoses or provide precise prognostic
information. In clinical practice, physicians rely on a combination of symptoms, labora-
tory findings, and imaging characteristics to diagnose myocarditis. The gold standard
for diagnosing suspected myocarditis remains EMB [4,14]. However, questions remain
regarding the necessity of performing routine biopsies in case of suspected myocarditis,
particularly given the significant advancements in imaging technology. Classically, for the
WHO/IFC diagnostics criteria for myocarditis, a proven histological involvement of the
myocardium was mandatory [4]. However, cardiac magnetic resonance imaging (CMRI)
today represents a powerful and not invasive tool, allowing the identification of myocardial
inflammation and emerging as an essential instrument in myocarditis diagnosis [3]. For
this reason, it has been suggested that EMB should be limited only to high-risk patients
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(based on clinical data such as blood pressure, symptoms of HF, echocardiographic and
ECG findings), suggesting the use of CMRI in all other cases (i.e., low and intermediate
risk patients) [3].

Multiple biomarkers have been extensively studied, with increasing evidence accumu-
lating to support their clinical usefulness in acute myocarditis and ICM [15]. Biomarkers are
routinely used in clinical practice in several cardiovascular disorders, and a continuum has
been defined, with a role (possible or definite) for community-based screening, diagnosis,
risk stratification/prognosis, phenotyping, management/monitoring, and treatment [16].
However, none of the novel biomarkers has demonstrated sufficient impact alone in the
management of acute myocarditis and ICM. Thus, it has been suggested that the integra-
tion of multiple biomarkers may represent a promising novel strategy, particularly when
biomarkers from diverse pathophysiological patterns or different techniques are combined
(e.g., a combination of circulating and imaging biomarkers) [17,18].

In 2001, the Biomarkers and Surrogate End Point Working Group aimed to standard-
ize the (mis)use of the term ‘biomarker’, suggesting the following definition be used: “a
characteristic that is objectively measured and evaluated as an indicator of normal bi-
ological processes, pathogenic processes, or pharmacologic responses to a therapeutic
intervention” [19]. Therefore, in current practice, the term ‘biomarker’, which includes
emerging tools, technologies, and strategies intended to improve the knowledge about a
disease, can be applied to all markers derived from blood, urine, genetic samples, imaging,
physiological tests, and tissue-specimen biopsies [20].

The purpose of the present article is to review the biomarkers currently known to
associate with these conditions and to evaluate those that have shown great promise in
clinical research studies. This is intended to provide a simple and accessible source of
information for clinicians to use around their demanding daily schedules.

2. Acute Myocarditis and Chronic Inflammatory Cardiomyopathy:
A General Overview

2.1. Definition, Diagnostic Approach, and Treatment

Myocarditis presents heterogeneous signs and symptoms, ranging from subclinical
disease to ventricular fibrillation, refractory cardiogenic shock, or sudden cardiac death [1].
Chest pain, dyspnea, and fatigue are the most common symptoms in patients with my-
ocarditis [1,21,22]. Fever is also common, seen in about 65% of patients, whereas other
prodromal manifestations such as flu-like symptoms, stomach problems, sore throat, or
respiratory infections may occur a few days or weeks before the acute phase and can affect
18% to 80% of patients [3,21].

The treatment for myocarditis and ICM is primarily supportive and follows the stan-
dard medical therapy for other forms of dilated cardiomyopathies [3]. Patients with systolic
dysfunction should receive guideline-directed medical and device treatment for heart fail-
ure (HF) [23]. In severe cases of HF, inotropic support or short-term mechanical circulatory
assistance may be necessary [24,25]. The use of immunosuppression in myocarditis is still
a controversial topic and is recommended only in biopsy-proven autoimmune myocarditis
and ICM refractory to standard therapy [3,5]. People with acute myocarditis and mild
heart infections usually recover without any lasting effects, but it is recommended that
they avoid heavy physical activity or sports for at least 3 months due to an increased risk
of ventricular arrhythmias [4].

2.2. Biomarkers

Recommended laboratory tests to identify patients with myocarditis include a com-
plete blood count, myocardial necrosis biomarkers (high-sensitivity cardiac troponin assays,
and creatine kinase-MB (CK-MB)), and nonspecific inflammatory biomarkers (C reactive
protein, erythrocyte sedimentation rate) [4]. Peripheral blood serological and virological
tests are rarely informative, except in the case that a certain etiology is suspected (albeit not
specific) [5,15].
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Electrocardiogram (ECG) tests are abnormal in around 85% of patients, with the
most common abnormality being ST-segment elevation, mimicking acute coronary syn-
dromes [22]. High-degree atrioventricular blocks (AVB), symptomatic bradycardia, or
ventricular arrhythmias would increase the suspicion of more aggressive forms [3,24].

Echocardiography is still considered the first-line diagnostic tool in patients with clini-
cally suspected myocarditis [4]. Although echocardiographic findings are often nonspecific
in these patients, echocardiography aids in ruling out other differential diagnoses and is
most likely useful for longitudinal follow-up studies [6].

Cardiac magnetic resonance imaging (CMRI) has emerged as a powerful non-invasive
diagnostic tool, mainly due to its multiparametric tissue characterization ability, and has
been validated using EMB as a reference (Figure 3) [26-28]. CMRI is recommended in pa-
tients with clinically suspected myocarditis or in patients with chest pain, elevated troponin
levels, and normal coronary arteries [26]. The “Updated Lake Louise Criteria’, a consensus
guide enabling the CMRI-based diagnosis of myocarditis, focuses on the visualization of
several hallmarks associated with myocardial inflammation: edema, hyperemia, capillary
leak, myocardial necrosis, and fibrosis [26,29]. A high likelihood of myocarditis is assumed
if “2 out of 2” diagnostic criteria are fulfilled: one positive T2-based criterion (T2-weighted
imaging or T2 mapping) and one T1-based criterion (T1-mapping, extracellular volume, or
late gadolinium enhancement (LGE)) [26,29]. CMRI conveys not only diagnostic but also
prognostic information in patients with myocarditis [30,31].

Figure 3. Characteristic late gadolinium enhancement (LGE) patterns in myocarditis. Characteristic late
gadolinium enhancement (LGE) patterns in viral myocarditis (upper left) inferolateral subepicardial
LGE), giant cell myocarditis (upper right) complex LGE involving both ventricles including the right
ventricular insertion points), cardiac sarcoidosis (lower left) complex LGE involving both ventricles
including the inferior right ventricular insertion point), and eosinophilic myocarditis (lower right)
diffuse subendocardial LGE with high signal intensity). Re-used with permission from Polte et al. [27].

Fluorine-18 fluorodeoxyglucose (**F-FDG) positron emission tomography/computed
tomography (PET/CT) can visualize myocardial inflammation and has become an estab-
lished diagnostic tool in the complicated workup of patients with clinically suspected
cardiac sarcoidosis [32-35]. Furthermore, the method might also be useful in other com-
plicated cases with an inconclusive CMRI and/or EMB study, for instance, in recurrent
myocarditis [27].
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EMB is widely regarded as the reference standard in diagnosing myocarditis, but it is
also an invasive procedure that is associated with an increased risk of complications [36].
In high-volume centers, cardiac complications have been described in 1-2% of patients,
but this figure can be as high as 9% at centers with less experience [37,38]. The accuracy
of EMB is somewhat limited, as the sample sites may not always align with the spread of
inflammation [39].

3. Specific Forms of Myocarditis
3.1. Infectious Myocarditis
3.1.1. Definition, Diagnostic Approach, and Treatment

Viral infections are presumed to be the most common cause of myocarditis in Eu-
rope and North America [2,5]. The most commonly encountered viruses are enterovirus
(Coxsackie B virus), parvovirus, Epstein—-Barr virus (EBV), and adenovirus [2,5]. Other
aetiological agents that can cause myocarditis include hepatitis C virus, influenza virus,
and human immunodeficiency virus (HIV), as well as several bacteria and protozoans,
including Trypanosoma cruzi (Chagas’ disease) [9]. In rare cases, the spirochete bacterium
Borrelia burgdorferi can cause myocarditis, which mainly affects the conduction system of
the heart and results in AVB [2,5].

Virus-induced acute myocarditis can refer to both virus-mediated myocarditis and
virus-triggered myocarditis. Respiratory viruses, for example, are common viruses that
could trigger immune-mediated lymphocytic myocarditis in the absence of a viral genome
in the myocardium [40]. In predisposed individuals, molecular mimicry between cardiac
and viral antigens, which can result in autoreactive T-cell infiltration in the myocardium,
is suspected to be the underlying mechanism of myocardial injury in virus-triggered
myocarditis (Figure 4). The severity and course of the disease, as well as treatment options,
are dependent on the underlying cause. If a viral origin is suspected, various tests, such
as viral culture from peripheral specimens like urine or stool, viral antibody levels, and
serological tests, have been utilized to identify the specific pathogen [6,15]. However, these
methods have limitations. Some viruses (i.e., Parvovirus B19) may be the cause of both
systemic infections associated with myocarditis and chronic ICM [41]. The viral genome can
be detected both in plasma and myocardium in myocarditis, while it is generally detected
only in the myocardium of chronic ICM, even if with different titers [41,42]. Still, low
copy numbers of the viral genome may reflect latent infection and should be interpreted
as a bystander since they can also be found in normal myocardium [43]. The resolution
of the viral syndrome with the extinction of viral antigens could explain the frequent
self-resolving natural history of most acute myocarditis.

Chagas’ disease, also known as American trypanosomiasis, is prevalent in many
countries within Central and South America [6]. This disease is caused by the parasite
Trypanosoma cruzi, which is transmitted to humans by various species of triatomine bugs.
Trypanosoma cruzi can cause both acute myocarditis and chronic inflammation, leading to
severe cardiomyopathy and advanced HF [6]. Currently, there is no cure for the disease,
and treatment is mainly supportive.

Rheumatic heart disease, a systemic immune process provoked by a beta-hemolytic
streptococcal infection, represents the most frequently acquired heart disease in developing
countries [44]; despite it classically involving valves, and it has been reported that at least
10% of patients develop a secondary HF due to valve involvement, recent evidence showed
that 25-30% of subjects undergoing heart transplantation had non-diagnosed myocarditis,
leading to refractory heart failure and, ultimately, heart transplantation [45].
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Figure 4. Pathogenesis of viral and inflammatory cardiomyopathy. Re-used with permission from
Dominguez et al. [8].

3.1.2. Biomarkers
Circulating Biomarkers

In clinical practice, measuring levels of biomarkers in patients presenting with sus-
pected myocarditis may still aid in confirming a diagnosis of myocarditis. The use of blood
cell count, erythrocyte sedimentation rate, and C-reactive protein is widespread and easy
to obtain; however, these are nonspecific inflammatory biomarkers, and their increase may
be attributed to any inflammatory condition.

Traditional biomarkers of myocardial cell injury classically increase in infective my-
ocarditis. However, their increase is nonspecific, with many patients displaying normal
levels [46]. Cardiac troponin T (cTnT) and I (cTnl)—both classic and high sensitivity (hs)
assays—are among the biomarkers investigated and have demonstrated improved sen-
sitivity in detecting cardiac damage in infective myocarditis compared to other markers
such as CK and CK-MB [46]. Similarly, natriuretic peptides (NPs), reflecting the response
to the stretching of myocardial cells, are frequently elevated in infective myocarditis, but
their levels may also be normal at the time of clinical presentation, limiting their usefulness
in diagnosis [46]. Nonetheless, increased levels of NPs have been associated with poor
prognosis [46].

In clinical practice, the measurement of anti-viral antibody levels is often used despite
being discouraged by current guidelines due to its lack of diagnostic utility. Indeed, levels
of IgM and IgG can increase nonspecifically in viral infections, even in the absence of cardiac
involvement. Furthermore, serum levels of antibodies directed against the cardiotropic
virus are found at high levels worldwide [47].
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Direct virus isolation is of marginal value in confirming the diagnosis. Virus serology,
indeed, does not consent to the diagnosis of myocarditis, neither in patients with suspect
myocarditis nor in patients with confirmed histological signs of myocardial inflammation.
Thus, EBM remains the gold standard technique [47].

More information is available regarding chronic Chagas cardiomyopathy. Elevated
levels of CA-125, uric acid, and C-reactive protein were found to be associated with poor
outcomes [48]. Similarly, increased levels of interleukin (IL)-8, IL-1b, and IL-12 were shown
to be associated with a worse prognosis in HF [49]. In addition, low levels of micro-
RNA (miRNA) 223-5p, possibly through the pathways related to receptor tyrosine kinases,
have recently been associated with the severity of Chagas cardiomyopathy and worse left
ventricular (LV) ejection fraction (EF) [50].

Imaging Biomarkers

Echocardiography plays a crucial role in the evaluation and risk stratification of pa-
tients with suspected infective myocarditis. The estimation of the LVEF and of subregional
contractility, with EF impairment and local hypokinesia, especially in inferior and inferior-
lateral walls, are associated with a worse prognosis [21,22]. In addition, myocardial damage
may lead to diastolic dysfunction [21,22].

CMRI is a diagnostic tool widely used and allows the recognition of the hallmarks
of myocardial inflammation following the “Updated Lake Louise Criteria”, as previously
described [26,29]. Classically, the LGE pattern involves the subepicardial and/or mid-wall
layers of the myocardium, predominately in the basal to mid-lateral and inferolateral wall
segments of the left ventricle [27].

Recently, it has been shown that about 70% of patients with rheumatic heart disease
display a positive 18F-FDG PET/CT and that 90% of patients have a positive uptake of
t-gallium-67 cardiac scintigraphy, regardless of LVEF [44].

3.2. COVID-19 and Post-Vaccination Associated Myocarditis
3.2.1. Definition, Diagnostic Approach, and Treatment

The Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and can result in a range of cardiac manifestations,
including myocardial injury [51,52]. Several cases of suspected myocarditis have been
reported, but only a few have been confirmed through histological evidence of lymphocytic
infiltration or detection of the SARS-CoV-2 genome [52]. Currently, the evidence suggests
that viral myocarditis is a rare complication in patients with COVID-19 (4); the exact
mechanism of how it develops is still debated [52]. Myocardial inflammation can involve
just a local cardiac area, or a wide area of myocardium, leading to severe decompensated
HF or cardiogenic shock (5). It has been demonstrated that about one-third of acute HF in
patients affected by COVID-19 is due to myocarditis or stress cardiomyopathy (3).

Myocarditis after receiving the mRNA COVID-19 vaccine is a rare side effect, pre-
dominantly described in male adolescents and young adults [53,54]. Vaccine-induced
myocarditis has also been considered a form of immune reaction to components of vaccines;
more frequent in men, with ages ranging from 17 to 52 years, it is usually of a benign
nature [54].

3.2.2. Biomarkers

None of the known biomarkers has been specifically described to have a role in SARS-
CoV-2-related myocarditis nor in post-vaccination myocarditis. Despite being described
as elevated, troponins and natriuretic peptides can also be normal. Thus, even if not
elevated, myocarditis cannot be excluded [55]. Despite the presence of inflammation,
some cases have been described where C-reactive protein is at normal levels [56]. The
same is seen for ECG alterations, which display high variability (from alterations of ST
segments, atrioventricular conduction impairment, QT prolongations, and no evidence of
abnormality) [57].
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CMRI is the mainstay in the diagnostic workup and shows signs of myocardial inflam-
mation, which are often classic in cases of viral myocarditis, especially when following
mRNA COVID-19 vaccination. Myocarditis following mRNA COVID-19 vaccination could
also be visualized using somatostatin receptor PET/CT, a promising method for molecular
inflammation imaging [27,58].

3.3. Sarcoidotic Myocarditis
3.3.1. Definition, Diagnostic Approach, and Treatment

Sarcoidosis is a systemic inflammatory disease of unknown etiology characterized by
non-caseating granuloma formation [59]. Accumulating evidence suggests that sarcoidosis
is caused by an immune-mediated response to an unidentified antigenic trigger in genet-
ically susceptible individuals [2,59]. Most cases occur in patients 25 to 60 years of age,
particularly in women [59,60]. Organ involvement is variable. Clinical heart disease has
been confirmed in around 5% of patients with systemic sarcoidosis, but autopsy studies
found that clinically manifested disease may represent just the tip of the iceberg [2,5].
Symptoms of sarcoidotic myocarditis are heterogeneous and may range from silent myocar-
dial granulomas to progressive HF, symptomatic conduction disturbances, and ventricular
arrhythmias [61]. This can make the diagnosis difficult, as the condition may go unno-
ticed until it has already caused serious damage to the heart. The appearance of cardiac
symptoms and signs in patients who have previously been diagnosed with extra-cardiac
sarcoidosis should trigger suspicion of cardiac sarcoidosis.

3.3.2. Biomarkers

To date, multiple circulating and imaging biomarkers have been investigated to allow
an early diagnosis of cardiac sarcoidosis (CS), risk stratification of affected patients, monitor
disease characteristics during management and follow-up phases, and distinguish between
different phenotypes. Despite this, none of the currently available biomarkers meet the
criteria for an ideal biomarker. Furthermore, for those that have been most extensively
studied and used in clinical practice, their exact roles remain unclear [3,59].

Circulating Biomarkers

The main circulating biomarker extensively investigated in systemic sarcoidosis is
angiotensin-converting enzyme (ACE); however, limited evidence is available regarding
the role of this biomarker in CS [62,63]. Despite the combined use of N-terminal pro-b-type
natriuretic peptide (NT-proBNP), serum levels of ACE do not appear to be correlated with
typical clinical features of CS, such as arrhythmias [64]. Nevertheless, Komoriyama et al.
demonstrated that both high levels of serum ACE and impaired LVEF were associated with
a positive EMB, indicating a promising role for serum ACE in the diagnosis of CS [63,65].

High-sensitivity cardiac troponins (hs-cTnT/I) have been described to be frequently
elevated in cases of CS upon initial presentation. However, the specificity of these biomark-
ers for diagnostic purposes has yet to be sufficiently established. Nevertheless, intriguing
data are available regarding the potential role of troponins in the management of CS, such
as their ability to serve as markers of favorable response to steroid treatment, evidenced by
a reduction in troponin levels in responsive patients [65,66].

Another investigated biomarker with a putative role in the diagnosis and risk progno-
sis of CS is the serum soluble interleukin-2 receptor (sIL-2R). This well-known marker is
associated with T lymphocyte activity, but data on its serum levels are limited. However, a
study conducted by Kobayashi et al. revealed that high levels of sIL-2R were detectable in
CS and were linked to poorer long-term clinical outcomes [67].
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Finally, case reports described high levels of lysozyme in CS [68]. Still, conclusive
evidence on the role of these biomarkers in diagnosis or risk stratification remains scarce.

Imaging Biomarkers

Cardiac involvement in sarcoidosis has different electrophysiological features. Among
these, bradycardia, and various degrees of AVB, as well as life-threatening ventricular
tachyarrhythmias, are the most commonly reported manifestations [69,70]. However, ECG
findings remain variable and mostly nonspecific [3,59].

Overall, echocardiography most frequently identifies unspecific findings, as in other
forms of myocarditis. However, certain, more specific, alterations can be suggestive for
CS: wall thickness <7 mm (due to parietal fibrosis) or >14 mm (due to inflammation), LV
aneurysmal dilatation without signs of cardiac ischemia (frequently localized in inferior
and posterior wall), presence of sub-segmental area of hypo/akinesia among segments
with normal contractility (typically not respecting the normal coronary distribution) [71,72].
Furthermore, in patients affected by systemic sarcoidosis, the echocardiographic finding of
a reduced LVEF (usually less than <40%) can sometimes precede the debut of symptoms in
cardiac involvement [71]. Even right ventricular dysfunction can be observed.

CMRI is currently considered an important non-invasive diagnostic tool for CS [32].
The CMRI appearance of CS is highly variable with respect to the stage of the disease
and shows varying LGE that can involve all myocardial layers as well as both ventricles,
including the right ventricular insertion points [73,74]. Furthermore, it has been shown
that CMRI has a complementary value in combination with 18F-FDG PET/CT and adds
valuable information concerning risk stratification and prognosis in this challenging patient
group [32,34,35]. The presence of myocardial scar has been associated with the development
of ventricular arrhythmia and sudden cardiac death [75,76]. In addition, Kouranos et al. (10)
showed that the presence of intense LGE on CMRI in patients with CS was an independent
predictor of poor outcomes [62].

Nuclear medicine has also proven to be an invaluable diagnostic and management
tool for CS. While both 67Ga-citrate scintigraphy and 18F-FDG PET have been utilized for
sarcoidosis diagnosis, 18F-FDG PET has demonstrated a higher sensitivity than scintigraphy
for the detection of CS [77]. Moreover, 18F-FDG PET is a critical tool for monitoring treatment
response by comparing the uptake of 18F-FDG in areas of active inflammation [78,79].

In summary, ECG and echocardiographic abnormalities are variable and typically non-
specific [3,59]. CMRI and FDG PET/CT are considered the most reliable tools for detecting
and visualizing CS as well as during follow-up [27,80,81]. Due to the patchy distribution of
the disease, EMB has only 20% to 30% sensitivity if not guided by imaging [59]. In patients
with extra-cardiac sarcoidosis, a biopsy of the lymph nodes or lungs is preferred due to
lower procedural risks and higher sensitivity [59]. However, if an extra-cardiac biopsy is
negative, an EMB may be necessary [59].

3.4. Giant Cell Myocarditis
3.4.1. Definition, Diagnostic Approach, and Treatment

Giant cell myocarditis (GCM) is a form of rapidly progressing necrotizing myocarditis
responsible for 0.5% of myocarditis and 10% of all fulminant myocarditis [82]. This con-
dition is characterized by the presence of multinucleated giant cells in the myocardium
and is often associated with a high mortality rate [61,82]. The etiology of GCM remains
unclear, and a variety of factors, including viral infections, autoimmune diseases, genetic
predisposition, or a combination of these, have been proposed as potential triggers [2].
GCM usually affects middle-aged adults and commonly presents with sudden cardiac
symptoms, such as chest pain, shortness of breath, and palpitations [82]. The disease may
also present with arrhythmias and HF and may result in sudden cardiac death [24,61].

The diagnosis of GCM is challenging, and the condition is often misdiagnosed; indeed,
the clinical presentation of this rare disorder can mimic other inflammatory myocardial
disorders. GCM must be suspected in patients with non-ischemic cardiomyopathy with
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progressive alteration of intraventricular conduction, worsening of cardiac performance,
and rapidly progressive HF despite appropriate treatment. A combination of clinical
presentation, ECG, and imaging findings can provide important information to support the
diagnosis [24]. However, the definitive diagnosis of GCM requires histological confirmation
of multinucleated giant cells in the myocardium [3].

Medical therapy, including immunosuppressive and immunomodulatory agents, can
lead to clinical remission in up to two-thirds of patients in those not requiring mechanical
circulatory support [83,84]. Heart transplantation is an effective therapy in patients with
GCM who present with rapidly progressive HF or life-threatening arrhythmias [85].

3.4.2. Biomarkers

Currently, available circulating and imaging biomarkers are not helpful in the diag-
nosis of GCM. Nevertheless, these biomarkers may play a role in risk stratification and
prognosis assessment.

Circulating Biomarkers

Among circulating biomarkers related to myocardial injury, troponins are the most
investigated in GCM. However, elevated cTnl levels are not indicative of disease duration,
and it has been demonstrated that in some cases, even with substantial myocardial tissue
necrosis identified by EBM, cTnl levels remain undetectable [86]. As a result, classical
biomarkers of myocardial injury are not reliable for GCM diagnosis [86].

Interestingly, cTnT has demonstrated a role in risk stratification, as elevated circulating
values of ¢cTnT at myocarditis presentation have been linked to reduced transplant-free
survival rates. Ekstrom et al. observed that elevated circulating values of ¢cInT (identified
cut-off: >85 ng/L) at the presentation of GCM were predictive of death or heart trans-
plantation [84]. Furthermore, troponins, as biomarkers of cardiac injury, and NT-proBNP,
as a biomarker of cardiac impairment, were independent predictors of poor outcomes in
GCM [87].

It is crucial to note that the clinical and echocardiographic findings of GCM differ
depending on whether atrial or ventricular infiltration is prevalent. Atrial fibrillation is
widespread among patients with atrial infiltration, while ventricular tachyarrhythmia is the
second most common clinical manifestation of GCM [82,87,88]. Data showed high levels of
cInT and NT-proBNP at presentation were associated with ventricular tachyarrhythmias
leading to sudden cardiac death during follow-up [89]. Given that GCM carries a high risk
of inducing life-threatening ventricular arrhythmia, identifying patients with a high risk of
fatal arrhythmia is critical to the clinical management of affected patients.

Imaging Biomarkers

Data regarding the specific role of imaging biomarkers in GCM are limited. GCM
does not present pathognomonic echocardiographic patterns, and typical findings include
LV dysfunction [87]. The degree of LV systolic function impairment can vary significantly,
ranging from acute and severe pump function impairment to mild or preserved EF re-
duction. Other described alterations include wall thickness increase, chamber dimension
augmentation with LV dilation and aneurysm formation, as well as thrombosis stratifica-
tion. Together with LV impairment, the right chambers can also be affected [90]. In some
cases, an echocardiogram can be unremarkable [82,87]. The CMRI appearance of GCM is
highly similar to CS, showing varying LGE that can involve all myocardial layers as well
as both ventricles, including the right ventricular insertion points [91,92]. This makes the
differentiation between both entities solely based on CMRI extremely challenging, which
underlines the important role of EMB in these cases, as it is the only method that can
definitively confirm the diagnosis.
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18F-FDG PET/CT might be of help in the challenging differentiation between GCM
and CS, as the presence of extra-cardiac sarcoidosis strongly favors the diagnosis of CS.
Nonetheless, the role of 18F-FDG PET/CT in patients with suspected GCM is still a matter
of debate. A further method enabling molecular imaging of myocardial inflammation is
somatostatin receptor PET/CT, which showed promising results in GCM [93].

3.5. Eosinophilic Myocarditis
3.5.1. Definition, Diagnostic Approach, and Treatment

Eosinophilic myocarditis (EM) is a rare form of myocardial inflammation characterized
by eosinophilic infiltration of the myocardium [4]. The accurate incidence of EM is difficult
to define because the diagnosis is often under-recognized and discovered on post-mortem
examination [94]. The international registry of histologically proven acute myocarditis
with LV systolic dysfunction at presentation reported 29 cases of EM in 220 patients (13%,
19 patients with a fulminant form) [24].

The association between eosinophilia and myocardial injury is well established and
may present several aetiologies (Figure 5). EM has been reported in association with hyper-
sensitivity reactions [95], immune-mediated disorders, such as eosinophilic granulomatosis
with polyangiitis (EGPA) [96], undefined complex hypereosinophilic syndrome (HES) or its
myeloproliferative variant [97], infections and cancer [98]. Moreover, in a relatively large
number of cases, the underlying cause of EM remains unknown.

Clinical manifestations of EM present a wide spectrum, ranging from mild symp-
tomatology to acute fulminant myocarditis (also called acute necrotizing EM) or chronic
restrictive cardiomyopathy (also called Loeffler cardiomyopathy or endo-myocarditis) [98].

The diagnostic suspicion of EM is generally based on clinical presentation, laboratory
parameters (elevation of markers of myocardial necrosis and eosinophilia), and imaging,
but EMB is the only method that allows a definitive diagnosis [4].

Peripheral eosinophilia is absent in up to 25% of patients with EM, and this feature
probably contributes to the underdiagnosis of EM without EMB [98]. Moreover, we know
that in EM, eosinophils infiltrate the interstitial compartment and cause necrosis by degran-
ulation of cytotoxic cationic proteins. It is important to remember that achieving a definitive
diagnosis of EM is vital in order to begin a specific therapy (i.e., use of cyclophosphamide in
EGPA-related EM, imatinib in myeloproliferative variant of PDGFRA-associated HES). This
is the case for every subgroup, particularly for HES-associated EM, which is characterized
by the highest occurrence of cardiac arrest and in-hospital death [98].

Amongst eosinophilic myocarditis, a specific variant worth discussing is drug reac-
tion with eosinophilia and systemic symptoms (DRESS) syndrome, which is a rare severe
T-cell-mediated adverse drug reaction with typical skin rush, hematological abnormality
(e.g., eosinophilia or atypical lymphocytosis), and visceral organs involvement [99]. Re-
garding cardiac complications, myocarditis could develop with delayed onset; notably,
alterations of serum biomarkers and abnormal ECG or echocardiographic findings are
very nonspecific [100]. This pathological condition is associated with very high mortality,
up to 50%, and corticosteroids are the only available treatment [101]. However, its preva-
lence is very rare, with only 22 cases reported until 2012 [102] and 25 more cases from
2012 to 2018 [101]. The most frequent drugs inducing DRESS myocarditis are minocycline
(seven cases), allopurinol (four cases), ampicillin (three cases), dapsone (three cases), and
trimethoprim-sulfamethoxazole (TMP-SMX) (two cases) [101].

3.5.2. Biomarkers
Circulating Biomarkers

Although peripheral eosinophilia is part of the diagnosis of EM [103], at least 25% of
EM cases (and 50% of cases resulting from hypersensitivity mechanisms) can present with
normal or only slight elevation of peripheral eosinophilia [104]. In a study including a small
number of patients with EM, 75% of patients had an initial eosinophil count of <500/mm?,
with an increase to >500/mm3 occurring 7 to 12 days after onset [105]. Therefore, the
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absence of eosinophilia upon admission does not preclude the diagnosis of EM. These
data are in line with findings reported by Brambatti et al. [98], in which among patients
without eosinophilia at admission, only 12.8% of patients developed peripheral eosinophilia
between the second and sixth day of hospitalization. Elevated CK-MB and troponin levels
have been described in patients with EM [103].

Eosinophilic cationic protein (ECP), derived from the degranulation of eosinophils
and with a possible mechanistic role, has been described as a biomarker with a high
specificity [106]. Elevated ECP serum concentrations are observed in patients with EM,
and the levels are associated with the activity of the disease [106]. Intriguingly, ECP may
also be useful in the management of EM. Following treatment, a significant decrease in
total eosinophil counts and serum levels of ECP was observed in conjunction with a clinical
improvement [107]. In addition, after reducing corticosteroid treatment, an increase in the
serum ECP levels was identified [107].

Imaging Biomarkers

Patients with EM exhibit a wide spectrum of ECG abnormalities, including ST-T
changes, AVB, bundle branch blocks, and ventricular arrhythmia. Still, none of these
findings is specific to the disease [103].

EM arises from a progressive deterioration of ventricular compliance, ultimately
resulting in restrictive cardiomyopathy. The development of eosinophil-mediated damage
proceeds through three phases, which are detectable by echocardiography [104,108-110]
and CMRI [104].

In the initial phase (necrotizing), interstitial myocardial edema causes an increase
in wall thickness, with more severe cases featuring LV systolic dysfunction [104,110].
CMRI is particularly helpful in detecting endomyocardial involvement through the use of
delayed-enhancement sequences [104]. In the second phase (thrombotic), mural thrombi
are detectable along the involved endocardium, causing apical obliteration in both the LV
and right ventricle (RV) due to a thrombotic ‘in plus” image. Thrombosis may also extend
to outflow tracts, occasionally reaching the atria. CMRI is more sensitive and specific than
echocardiography in detecting these thrombi [104]. In the final phase (fibrotic), there is an
advanced reduction in compliance, leading to restrictive diastolic and filling patterns [104].
The progressive involvement of the mitral leaflet, usually the posterior one, with papillary
muscle dysfunction results in varying degrees of mitral regurgitation. The prevalence of
this finding in subjects investigated is approximately 45% [108,109,111].

CMRI has been shown to play a significant role in community-based screening, such
as screening patients with peripheral eosinophilia but no cardiac symptoms for potential
cardiac involvement, as well as in phenotyping. In fact, studies have demonstrated that
around 20% of patients with eosinophilia and no cardiac symptoms who undergo CMRI
have evidence of eosinophilic cardiac disease [112].

Furthermore, CMRI was shown to be able to detect all the different phenotypes of the
eosinophilic heart disease spectrum. The most common pattern identified in these cases is
the diffuse subendocardial LGE pattern with high signal intensity, which stands in clear
contrast to all other forms of myocarditis [112].

These different CMRI findings might also contribute to the risk stratification of patients,
with the group with subendocardial LGE patterns displaying the worst outcomes [112].

Finally, both echocardiography and CMRI can be used to monitor the response to im-
munosuppressive treatment, following the changes over time during appropriate treatment
strategies [112,113].
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Figure 5. Conditions associated with eosinophilic myocardial injury. Eosinophilic myocarditis
exhibits diverse etiologies, ranging from idiopathic to its associated with various systemic disorders.
These associated conditions encompass a broad spectrum: (A) Hypersensitivity Reactions to Drugs
and Drug Reaction with Eosinophilia and Systemic Symptoms (DRESS): These reactions are generally
characterized by fever and a diffuse skin rash, often with a delayed onset after drug initiation
(typically 2—6 weeks); (B) Eosinophilic Granulomatosis with Polyangiitis (EGPA): Often linked
with asthma, pulmonary nonfixed infiltrates (indicated by arrows on chest computed tomography
in the blue inset), and paranasal sinus abnormalities; (C) Hypereosinophilic Syndromes (HES):
Distinguished by persistent peripheral eosinophilia (>1.5 x 10°/L for over 6 months), which can
manifest as a complex idiopathic form or a myeloproliferative variant; (D) Infections caused by
parasitic agents; (E) rarely, eosinophilic myocarditis may be associated with solid tumors.

3.6. Check Point Inhibitors Myocarditis
3.6.1. Definition, Diagnostic Approach, and Treatment

Immune checkpoint inhibitors (ICIs) are monoclonal antibodies that inhibit the im-
mune checkpoints CTLA-4 (cytotoxic T-lymphocyte antigen-4), PD-1 (programmed death
receptor-1), and PD-L1 (programmed death ligand-1), and are increasingly used in cancer
therapies [114]. Immune system activation, achieved by blocking immune checkpoints,
allows T-cells to target tumors [115]. Tumor response can be strengthened by using a
combination therapy [114]. While these therapies have been shown to have an excellent
response in both solid and hematological malignancies, ICIs carry a risk of immune-related
adverse events [116] and are a known cause of myocarditis and pericarditis [117].

The true incidence of ICI-myocarditis is unknown due to the lack of validated mon-
itoring criteria [118]. The reported prevalence of ICI-myocarditis is 1.14%, increasing to
2.4% in patients undergoing combination ICI therapy with PD-1 and CTLA-4 [115], and
increases the risk of other cardiovascular effects [116].

The mechanism for ICI-myocarditis has not yet been fully elucidated; however, it is
thought to occur due to molecular mimicry between tumor antigens and antigens found
in the myocardium [115]. This molecular mimicry may occur either between an antigen
present in either cardiomyocytes and tumor cells or two unique antigens of a similar
structure. Alternatively, T-cells may be targeting different antigens by different recep-
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tors [118]. EMB reports have demonstrated that ICI-myocarditis is characterized by T-cell
infiltration [115,118], consistent with the theory that ICI-myocarditis is mediated by T-cells.

The median time of presentation of ICI-myocarditis is reported as 6 weeks from
starting ICI therapy [116]. The clinical presentation of ICI-myocarditis can range from
asymptomatic with biomarker changes to acute coronary syndrome-like symptoms to
fulminant presentations associated with ventricular arrhythmias, multiorgan failure, and
cardiac arrest [118]. ECG abnormalities appeared to be more common in ICI-myocarditis
(89%) [115], compared to 74% in a CMRI-proven acute myocarditis cohort [28].

ICI-myocarditis can be diagnosed using the European Society of Cardiology (ESC)
diagnostic framework [4] and the “Updated Lake Louise Criteria” for CMRI [26].

Initial management of ICI-myocarditis includes supportive management, stopping
ICI treatment, and initiation of corticosteroids [114,116]. Retrospective data show that
patients will benefit more from early initiation of high-dose corticosteroids [119], in par-
ticular intravenous methylprednisolone [114]. Case reports of successful treatment of
ICI-myocarditis included the use of Mycophenolate Infliximab, antithymocyte globulin,
intravenous immunoglobulin [115], Tacrolimus and extracorporeal membrane oxygenation
(ECMO,) support [120]. The prognosis of ICI-myocarditis is reported to be poor, with
mortality ranging from 30-50% [119].

3.6.2. Biomarkers

To date, no specific circulating or imaging biomarkers are available with regard to
ICI-myocarditis.

Circulating Biomarkers

As in other ICM, elevated biomarkers of myocardial injury, such as troponins, and
cardiac impairment, such as natriuretic peptides, have been observed in patients with ICI-
myocarditis, but their specific roles are unclear. In particular, elevated levels of natriuretic
peptides have been found in ICI-myocarditis, but these biomarkers may also be elevated in
cancer patients without cardiac impairment, which limits their diagnostic utility [121].

Furthermore, CK levels have been linked to myositis in ICI-myocarditis [121]. As such,
the presence of increased CK levels in a patient with ICI-myocarditis raises suspicion for
concomitant myositis. However, the specificity of CK levels is relatively low, and a normal
CK value cannot be used to rule out myocarditis [121].

Imaging Biomarkers

With regard to ECG findings, about 90% of patients with ICI-myocarditis displayed
abnormalities. Typically, ECG abnormalities represent the first alteration suggestive of
myocardial inflammation, although their specificity is limited, precluding a definitive
diagnosis. The most common ECG abnormalities in patients undergoing ICI therapy
include atrial fibrillation, atrioventricular conduction abnormalities, and ventricular fibril-
lation [118,122,123].

On the other hand, echocardiography reveals that patients with ICI-myocarditis rarely
experience a reduction in LVEF, with most patients exhibiting preserved EF. Nonetheless, a
speckle-tracking echocardiography-derived global longitudinal strain can reveal myocar-
dial dysfunction in these patients [121]. The CMRI appearance of ICI-myocarditis is usually
less pronounced than in other more common forms of myocarditis, and the CMRI study can
even be non-diagnostic. LGE may not appear immediately on CMRI (21.6% LGE detected
in CMRI within 4 days of presentation versus 72.0% in CMRI after 4 or more days post
presentation). Consequently, a non-diagnostic CMRI taken within 4 days of presentation
should not automatically exclude myocarditis [119]. Extra care should be taken in patients
with concomitant myositis, where T2-weighted imaging may give a false negative result, as
skeletal muscle is used as a reference to determine the presence of edema [124].
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4. Future Perspectives and Research

Other biomarkers have been investigated in the setting of myocarditis and ICM.
However, they have not yet entered into clinical practice, and/or their current role is
limited to the research field or only in referral centers. The following section provides a
brief outline of the most promising biomarkers to date.

4.1. Ligquid Biopsy
4.1.1. Micro-RNA

Micro-RNA (mi-RNA), short non-coding RNAs transcribed from DNA and processed
into mi-RNA, have a critical role in regulating gene expression through messenger RNA
(mRNA) and have been extensively investigated in the cardiovascular field [125,126].

A recent systematic review based on available literature screened a total of 187 different
mi-RNAs, with eight being assessed as “very high” and 23 as “high” utility in myocarditis
and ICM [127]. Of these, three mi-RNAs (miR-Chr8:96, miR-155, and miR-206) have
demonstrated the highest potential as biomarkers of myocardial inflammatory state. Serum
levels of these mi-RNAs have been associated with the diagnosis of ICM and exhibit high
specificity [127]. Intriguingly, by combining several mi-RNA levels, the accuracy of liquid
biopsy diagnostics can be significantly improved [128].

4.1.2. Circulating Cell-Free DNA

Circulating cell-free DNA (cfDNA), mostly studied in the field of oncology, is genomic
DNA released as a consequence of cell death mechanisms, such as apoptosis, necrosis,
and autophagy [129]. To date, cfDNA fragments have demonstrated a crucial role in
the early detection, treatment monitoring, and prognosis/risk stratification of patients
affected by cancer [129-131]. In addition, an association has recently been shown between
cfDNA and several cardiovascular risk factors, [132] cardiovascular diseases (i.e., acute
myocardial infarction, atrial fibrillation, and HF) [133,134], as well as early diagnosis of
heart transplant rejection [135-137], potentially replacing the use of EBM. In the field of
ICM, it has been widely speculated that fDNA may provide a valuable tool in the detection,
clinical management, and risk stratification of ICM [127]. However, no data are currently
available, indicating the need for further development in this future research field.

4.2. Soluble ST2 Receptors

Soluble IL-1 receptor-like 1, also known as soluble suppression of tumorigenesis-2
(s-ST2), belongs to the Toll-like/interleukin-1 receptor superfamily, binding to IL33, and
has been shown to have antihypertrophic and antifibrotic effects on cardiomyocytes [138].

In the context of ICM, a possible role of s-ST2 in risk stratification has been demon-
strated. Specifically, it has been shown, with age and sex difference (in young, <50 years,
and male subjects), that elevated levels are associated with an increased risk of more severe
HE as assessed by the New York Heart Association (NYHA) class [138]. Recent studies
have also shown the superiority of s-ST2 levels, when compared to natriuretic peptides or
troponins, in association with the degree of LV impairment and functional NYHA class at
mid-term follow-up [139].

4.3. Galectin-3

Galectin-3, a 3-galactoside-binding lectin known for its proinflammatory effects, has
emerged as a promising biomarker in HF and has recently been investigated in ICM [140].
In patients with ICM, myocardial Galectin-3 expression was significantly associated with
the inflammatory cell count on EMB, with an inverse relationship with cardiac fibrosis.
Of note, circulating Galectin-3 levels did not correlate with myocardial Galectin-3 levels
or LV fibrosis. Hence, a positive correlation between circulating Galectin-3 levels and
inflammatory cell count on EMB was observed [140].
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4.4. Molecular Inflammation Imaging Using PET

Several novel PET tracers are currently under investigation to enable a better diagnosis
of myocarditis with a special focus on cardiac sarcoidosis [141]. Promising results have,
amongst others, been shown for somatostatin receptor and folate receptor 3-targeted
PET/CT [142,143].

4.5. Cardiac Autoantibodies (aabs)

Despite acute myocarditis being resolved in about 50% of cases in the first 2-4 weeks
and about 70% of patients recovering myocardial function in the first year, 25-30% of
patients display a progression from myocarditis to dilated cardiomyopathy [4]. Specifically,
patients with persistent (chronic) inflammation [144] are at higher risk of displaying a poor
outcome. Notably, it has been shown that several of these patients developed pathogenic
cardiac autoantibodies [4], which are directed against myocardial structural, sarcoplasmic,
or sarcolemmal proteins. These serum cardiac autoantibodies are found in myocarditis and
DCM with different frequencies, and there is a different disease specificity for such antibod-
ies [4]. With regard to their clinical use, it is of interest that when detected, together with
the lack of viral genome on EMB, an immune-mediated DCM or inflammatory myocarditis
can be suspected.

In addition, they also have a role in the choice of treatment management; indeed, in
patients with detectable cardiac autoantibodies, in the absence of active infection of the
myocardium, immunosuppression and /or immunomodulation may be considered, with
some beneficial effects [4]. Some of these biomarkers are associated with a poor prognosis.

Finally, they can also be used as screening biomarkers to identify patients’ relatives at
risk of developing a DCM.

In brief, limiting to cardiac autoantibodies with evidence in both myocarditis and
dilated cardiomyopathies, it is possible to identify

e  Muscle-specific anti-sarcolemmal (ASA; i.e., AFA, anti-fibrillary, IFA, anti-interfibrillary
aabs, and AMLA, anti-myolemmal aabs), index of myocytolysis and with a prevalence
ranging 28-59% in myocarditis and 9—41% in DCM;

e  Cardiac-specific (AHA, organ-specific and partially organ-specific anti-heart aabs [4];
AIDA, anti-intercalated disks-aabs, and anti-alpha-myosin heavy chain, MHC) [145,146],
early predictors of disease, and able to predict DMC development in relatives, with a
prevalence ranging 17-56% in myocarditis and 16-30% in DCM [145,146];

e  Anti-beta 1- adrenergic receptors (33-96% and 27-95% respectively in myocarditis and
DCM), associated with a negative prognosis and in vitro pro-apoptotic effects [4];

e Anti-muscarin acetylcholine receptor-2 (11% and 30-83% respectively), with negative
inotropic, muscarin effects and associated with atrial arrhythmia [4];

Anti-lamin (73% and 78%) [147];

Anti-ANT, adenine nucleotide translocator, with negative inotropic effects (91% and
57%) [148];

Anti-M7, against mitochondria (13% and 31%) [149];

Anti-BCKD-E2, branched chain alpha-ketoacid dehydrogenase dihydrolipoyl transacy-
lase (100% and 60%) [150].

However, they are not routinely available in clinical practice, are limited to tertiary
referral centers, and their use still needs to be expanded [4].

5. Gaps in Evidence and Conclusions

To date, the role of biomarkers, both circulating and imaging, in myocarditis and ICM
remains controversial (Table 1). Excluding endomyocardial biopsy, currently available
biomarkers for acute myocarditis and ICM have limited sensitivity and specificity for the
diagnosis. Furthermore, it remains a challenge to discriminate between different phases,
such as acute, subacute, chronic, or sequelae, as well as between the different possible
aetiologies of myocarditis/ICM. In addition, it is generally not possible to identify the
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specific role of each biomarker at different stages of the disease continuum, including
community-based screening, diagnosis, risk stratification/prognosis, phenotyping, man-
agement/monitoring, and treatment. Moreover, there are limited studies with longitudinal
data with biomarkers measured at different time points of the disease. Finally, most of the
available biomarkers are not pathognomonic of specific cardiomyopathy and are rather
altered to varying degrees in all ICMs. Therefore, future research should aim to fill the
aforementioned gaps in evidence, with a particular focus on providing clinicians with
sensitive and specific biomarkers/combinations of biomarkers able to strongly support
the diagnosis of myocarditis and enable a reliable risk stratification. These biomarkers
could potentially guide the management of patients affected by acute myocarditis and
chronic ICM.

Table 1. Role of circulating and imaging biomarkers in ‘biomarkers continuum’ in Acute Myocarditis
and Chronic Inflammatory Cardiomyopathy.

Community

Risk

Screening Diagnosis Phenotyping Stratification Management Treatment
Troponins
Blood cell count NP
gRlzh " CA-125*
Infectious Myocarditis CK ré’, rocyte IeM Uric acid * Troponins
[2-6,8,13,14,17,18,22— CK-MB rsre 1meptat10n rate CRP * CRP
25,37-47] Troponins roponimns IgG IL-8 * NP
Virus serology L-1b *
IL-12%
Mir 223-5p *
TTE
TTE
CMRI
BNP
COVID-19 and CRP
Post-vaccination Troponins
Associated
Myocarditis ECG
26,48-55
[26,48-55] CMRI
ACE
o Lysozyme Lysozyme sIL-2R
Sarcoidotic Troponins
Myocarditis ACE NT-pro-BNP sIL-2R Troponins
[3,10,23,31,51,53,56-76]
Troponins
ECG
TTE 67 ;
CMRI .Gatfmtraf
CMRI santigrapity I8F-FDG PET
18F-FDG PET 18
7Ga-citrate scintigraphy F-FDG PET
I8E-FDG PET
Giant Cell Myocarditis Troponins hs-cTnT hs-cTnT hscTnT
[58,72-90] e sein
NT-pro-BNP NT-pro-BNP
CMRI
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Table 1. Cont.

Community . . . Risk
Screening Diagnosis Phenotyping Stratification Management Treatment
CK-MB
Peripheral ECP e
Eosinophilic . e ECP .
Myocarditis cosinophilia Peripheral eosinophilia CMRI Peripheral
[91-106] eosinophilia
Troponins
ECG
TTE TTE
CMRI TTE
CMRI CMRI
CMRI
CK
Check Point Inhibitors Troponins
[107-117] CMRI
NP
ECG
CMRI
TTE
miR-Chr8:96 cfDNA cfDNA
miR-155 s-ST2 Galectin-3
Future Perspectives miR-206 CMRI CMRI
and Research cfDNA
[118-143] CMRI Novel PET Novel PET
tracers for tracers for
Novel PET tracers for inflammation inflammation
inflammation imaging, imaging, e.g., imaging, e.g.,
e.g., SSTRPET/CT SSTR PET/CT SSTR PET/CT
Abbreviations: ACE, angiotensin-converting enzymes; AF, atrial fibrillation; AV, atrio-ventricular; BNP, brain
peptide natriuretic; cfDNA, Circulating cell-free DNA; CRP, C-reactive protein; CT, computed tomography; ECP,
eosinophilic cationic protein; ECG, electrocardiogram; hs-cTNT/I, High sensibility cardiac troponins; CMRI,
Cardiac magnetic resonance imaging; GLS, global longitudinal strain; LV, left ventricular; LVEF, left ventricular
ejection fraction; mi-RNA, micro-RNA; NP, natriuretic peptides; NT-pro-BNP, N-terminal pro b-type natriuretic
peptide; PET, Positron emission tomography; sIL-2R, serum soluble interleukin-2 receptor; s-ST2, soluble ST2
Receptor; SSTR, somatostatin receptor; TTE, transthoracic echocardiography; VE, ventricular fibrillation; 18F-FDG,
18F-fluorodeoxyglucose. * Biomarkers used in Chagas’ disease; T To differentiate giant cell myocarditis from
cardiac sarcoidosis.
Funding: Giulia Crisci received research grant by the CardioPath program from Federico II University
of Naples, Italy; Emanule Bobbio received support from the Swedish state under the agreement
between the Swedish government and the county councils, the ALF-agreement (ALFGBG-874631).
Conflicts of Interest: The authors declare no conflict of interest.
References

1.  Cooper, L.T., Jr. Myocarditis. N. Engl. J. Med. 2009, 360, 1526-1538. [CrossRef]

2. Trachtenberg, B.H.; Hare, ]. M. Inflammatory Cardiomyopathic Syndromes. Circ. Res. 2017, 121, 803-818. [CrossRef]

3. Ammirati, E.; Frigerio, M.; Adler, E.D.; Basso, C.; Birnie, D.H.; Brambatti, M.; Friedrich, M.G.; Klingel, K.; Lehtonen, J.; Moslehi,
J.J.; et al. Management of Acute Myocarditis and Chronic Inflammatory Cardiomyopathy: An Expert Consensus Document. Circ.
Heart Fail. 2020, 13, e007405. [CrossRef]

4. Caforio, A.L.; Pankuweit, S.; Arbustini, E.; Basso, C.; Gimeno-Blanes, J.; Felix, S.B.; Fu, M.; Helio, T.; Heymans, S.; Jahns, R,;
et al. Current state of knowledge on aetiology, diagnosis, management, and therapy of myocarditis: A position statement of
the European Society of Cardiology Working Group on Myocardial and Pericardial Diseases. Eur. Heart |. 2013, 34, 2636-2648.
[CrossRef]


https://doi.org/10.1056/NEJMra0800028
https://doi.org/10.1161/CIRCRESAHA.117.310221
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007405
https://doi.org/10.1093/eurheartj/eht210

J. Clin. Med. 2023, 12, 7214 20 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tschope, C.; Ammirati, E.; Bozkurt, B.; Caforio, A.L.P.; Cooper, L.T.; Felix, S.B.; Hare, ]. M.; Heidecker, B.; Heymans, S.; Hubner,
N.; et al. Myocarditis and inflammatory cardiomyopathy: Current evidence and future directions. Nat. Rev. Cardiol. 2021, 18,
169-193. [CrossRef]

Fung, G.; Luo, H; Qiu, Y,; Yang, D.; McManus, B. Myocarditis. Circ. Res. 2016, 118, 496-514. [CrossRef]

Fu, M.; Kontogeorgos, S.; Thunstrom, E.; Zverkova Sandstrom, T.; Kroon, C.; Bollano, E.; Schaufelberger, M.; Rosengren, A.
Trends in myocarditis incidence, complications and mortality in Sweden from 2000 to 2014. Sci. Rep. 2022, 12, 1810. [CrossRef]
Dominguez, F; Kiihl, U.; Pieske, B.; Garcia-Pavia, P.; Tschope, C. Update on Myocarditis and Inflammatory Cardiomyopathy:
Reemergence of Endomyocardial Biopsy. Rev. Espafiola Cardiol. 2016, 69, 178-187. [CrossRef]

Bobbio, E.; Karason, K. Myocarditis and Inflammatory Cardiomyopathy. In Cardiomyopathy; Mattsson, G., Magnusson, P, Eds.;
IntechOpen: Rijeka, Croatia, 2021; p. Ch. 17.

Krejci, J.; Mlejnek, D.; Sochorova, D.; Nemec, P. Inflammatory Cardiomyopathy: A Current View on the Pathophysiology,
Diagnosis, and Treatment. Biomed. Res. Int. 2016, 2016, 4087632. [CrossRef]

Veronese, G.; Ammirati, E.; Brambatti, M.; Merlo, M.; Cipriani, M.; Potena, L.; Sormani, P.; Aoki, T.; Sugimura, K.; Sawamura,
A.; et al. Viral genome search in myocardium of patients with fulminant myocarditis. Eur. |. Heart Fail. 2020, 22, 1277-1280.
[CrossRef]

Lopez-Ayala, ].M.; Pastor-Quirante, F.; Gonzalez-Carrillo, J.; Lopez-Cuenca, D.; Sanchez-Munoz, ].J.; Oliva-Sandoval, M.].;
Gimeno, ].R. Genetics of myocarditis in arrhythmogenic right ventricular dysplasia. Heart Rhythm. 2015, 12, 766-773. [CrossRef]
Belkaya, S.; Kontorovich, A.R.; Byun, M.; Mulero-Navarro, S.; Bajolle, F.; Cobat, A.; Josowitz, R.; Itan, Y.; Quint, R.; Lorenzo, L.;
et al. Autosomal Recessive Cardiomyopathy Presenting as Acute Myocarditis. J. Am. Coll. Cardiol. 2017, 69, 1653-1665. [CrossRef]
Richardson, P.; McKenna, W.; Bristow, M.; Maisch, B.; Mautner, B.; O’Connell, J.; Olsen, E.; Thiene, G.; Goodwin, J.; Gyarfas,
I; et al. Report of the 1995 World Health Organization/International Society and Federation of Cardiology Task Force on the
Definition and Classification of cardiomyopathies. Circulation 1996, 93, 841-842. [CrossRef]

Suresh, A.; Martens, P.; Tang, W.H.W. Biomarkers for Myocarditis and Inflammatory Cardiomyopathy. Curr. Heart Fail. Rep. 2022,
19, 346-355. [CrossRef]

Salzano, A.; D’Assante, R.; Israr, M.Z.; Eltayeb, M.; D’Agostino, A.; Bernieh, D.; De Luca, M.; Rega, S.; Ranieri, B.; Mauro, C.; et al.
Biomarkers in Heart Failure: Clinical Insights. Heart Fail. Clin. 2021, 17, 223-243. [CrossRef]

Salzano, A.; Marra, A.M.; D’Assante, R.; Arcopinto, M.; Bossone, E.; Suzuki, T.; Cittadini, A. Biomarkers and Imaging: Comple-
mentary or Subtractive? Heart Fail. Clin. 2019, 15, 321-331. [CrossRef]

Marra, A.M.; Arcopinto, M.; Bobbio, E.; Salzano, A.; Sacca, L.; Cittadini, A. An unusual case of dilated cardiomyopathy associated
with partial hypopituitarism. Intern. Emerg. Med. 2012, 7 (Suppl. 2), S85-S87. [CrossRef]

Biomarkers Definitions Working, G. Biomarkers and surrogate endpoints: Preferred definitions and conceptual framework. Clin.
Pharmacol. Ther. 2001, 69, 89-95. [CrossRef]

Braunwald, E. Biomarkers in heart failure. N. Engl. ]. Med. 2008, 358, 2148-2159. [CrossRef]

Ammirati, E.; Cipriani, M.; Moro, C.; Raineri, C.; Pini, D.; Sormani, P.; Mantovani, R.; Varrenti, M.; Pedrotti, P.; Conca, C,;
et al. Clinical Presentation and Outcome in a Contemporary Cohort of Patients with Acute Myocarditis: Multicenter Lombardy
Registry. Circulation 2018, 138, 1088-1099. [CrossRef]

Younis, A.; Matetzky, S.; Mulla, W.; Masalha, E.; Afel, Y.; Chernomordik, F.; Fardman, A.; Goitein, O.; Ben-Zekry, S.; Peled, Y.;
et al. Epidemiology Characteristics and Outcome of Patients with Clinically Diagnosed Acute Myocarditis. Am. |. Med. 2020, 133,
492-499. [CrossRef]

McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Bohm, M.; Burri, H.; Butler, J.; Celutkiene, J.; Chioncel,
O.; et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: Developed by the Task Force
for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) with the special
contribution of the Heart Failure Association (HFA) of the ESC. Rev. Esp. Cardiol. 2022, 75, 523. [CrossRef]

Ammirati, E.; Veronese, G.; Cipriani, M.; Moroni, F.; Garascia, A.; Brambatti, M.; Adler, E.D.; Frigerio, M. Acute and Fulminant
Myocarditis: A Pragmatic Clinical Approach to Diagnosis and Treatment. Curr. Cardiol. Rep. 2018, 20, 114. [CrossRef]

Veronese, G.; Ammirati, E.; Chen, C.; Klingel, K.; Suzuki, M.; Okumura, T.; Maisch, B.; Zuo, H.; Ni, L.; Jiang, J.; et al. Management
perspectives from the 2019 Wuhan international workshop on fulminant myocarditis. Int. ]. Cardiol. 2021, 324, 131-138. [CrossRef]
Ferreira, V.M.; Schulz-Menger, ].; Holmvang, G.; Kramer, C.M.; Carbone, I.; Sechtem, U.; Kindermann, I.; Gutberlet, M.; Cooper,
L.T; Liu, P; et al. Cardiovascular Magnetic Resonance in Nonischemic Myocardial Inflammation: Expert Recommendations. J.
Am. Coll. Cardiol. 2018, 72, 3158-3176. [CrossRef]

Polte, C.L.; Bobbio, E.; Bollano, E.; Bergh, N.; Polte, C.; Himmelman, J.; Lagerstrand, K.M.; Gao, S.A. Cardiovascular Magnetic
Resonance in Myocarditis. Diagnostics 2022, 12, 399. [CrossRef]

Cannata, A.; Bhatti, P; Roy, R.; Al-Agil, M.; Daniel, A.; Ferone, E.; Jordan, A.; Cassimon, B.; Bradwell, S.; Khawaja, A.; et al.
Prognostic relevance of demographic factors in cardiac magnetic resonance-proven acute myocarditis: A cohort study. Front.
Cardiovasc. Med. 2022, 9, 1037837. [CrossRef]

Friedrich, M.G.; Sechtem, U.; Schulz-Menger, ].; Holmvang, G.; Alakija, P.; Cooper, L.T.; White, J.A.; Abdel-Aty, H.; Gutberlet, M.;
Prasad, S.; et al. Cardiovascular magnetic resonance in myocarditis: A JACC White Paper. ]. Am. Coll. Cardiol. 2009, 53, 1475-1487.
[CrossRef]


https://doi.org/10.1038/s41569-020-00435-x
https://doi.org/10.1161/CIRCRESAHA.115.306573
https://doi.org/10.1038/s41598-022-05951-z
https://doi.org/10.1016/j.recesp.2015.10.018
https://doi.org/10.1155/2016/4087632
https://doi.org/10.1002/ejhf.1738
https://doi.org/10.1016/j.hrthm.2015.01.001
https://doi.org/10.1016/j.jacc.2017.01.043
https://doi.org/10.1161/01.cir.93.5.841
https://doi.org/10.1007/s11897-022-00569-8
https://doi.org/10.1016/j.hfc.2021.01.002
https://doi.org/10.1016/j.hfc.2018.12.008
https://doi.org/10.1007/s11739-011-0649-9
https://doi.org/10.1067/mcp.2001.113989
https://doi.org/10.1056/NEJMra0800239
https://doi.org/10.1161/CIRCULATIONAHA.118.035319
https://doi.org/10.1016/j.amjmed.2019.10.015
https://doi.org/10.1016/j.rec.2022.05.005
https://doi.org/10.1007/s11886-018-1054-z
https://doi.org/10.1016/j.ijcard.2020.10.063
https://doi.org/10.1016/j.jacc.2018.09.072
https://doi.org/10.3390/diagnostics12020399
https://doi.org/10.3389/fcvm.2022.1037837
https://doi.org/10.1016/j.jacc.2009.02.007

J. Clin. Med. 2023, 12, 7214 21 of 26

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Aquaro, G.D.; Perfetti, M.; Camastra, G.; Monti, L.; Dellegrottaglie, S.; Moro, C.; Pepe, A.; Todiere, G.; Lanzillo, C.; Scatteia, A.;
et al. Cardiac MR With Late Gadolinium Enhancement in Acute Myocarditis with Preserved Systolic Function: ITAMY Study. J.
Am. Coll. Cardiol. 2017, 70, 1977-1987. [CrossRef]

Grani, C.; Eichhorn, C.; Biere, L.; Murthy, V.L.; Agarwal, V,; Kaneko, K.; Cuddy, S.; Aghayev, A.; Steigner, M.; Blankstein, R.; et al.
Prognostic Value of Cardiac Magnetic Resonance Tissue Characterization in Risk Stratifying Patients with Suspected Myocarditis.
J. Am. Coll. Cardiol. 2017, 70, 1964-1976. [CrossRef]

Birnie, D.H.; Sauer, W.H.; Bogun, E; Cooper, ].M.; Culver, D.A.; Duvernoy, C.S.; Judson, M.A.; Kron, J.; Mehta, D.; Cosedis
Nielsen, J.; et al. HRS expert consensus statement on the diagnosis and management of arrhythmias associated with cardiac
sarcoidosis. Heart Rhythm. 2014, 11, 1305-1323. [CrossRef]

Kadkhodayan, A.; Chareonthaitawee, P.; Raman, S.V.; Cooper, L.T. Imaging of Inflammation in Unexplained Cardiomyopathy.
JACC Cardiovasc. Imaging 2016, 9, 603-617. [CrossRef]

Kruse, M.].; Kovell, L.; Kasper, E.K.; Pomper, M.G.; Moller, D.R.; Solnes, L.; Chen, E.S.; Schindler, T.H. Myocardial Blood Flow
and Inflammatory Cardiac Sarcoidosis. JACC Cardiovasc. Imaging 2017, 10, 157-167. [CrossRef]

Vita, T.; Okada, D.R.; Veillet-Chowdhury, M.; Bravo, P.E.; Mullins, E.; Hulten, E.; Agrawal, M.; Madan, R.; Taqueti, V.R.; Steigner,
M.; et al. Complementary Value of Cardiac Magnetic Resonance Imaging and Positron Emission Tomography/Computed
Tomography in the Assessment of Cardiac Sarcoidosis. Circ. Cardiovasc. Imaging 2018, 11, e007030. [CrossRef]

Cooper, L.T.; Baughman, K.L.; Feldman, A.M.; Frustaci, A.; Jessup, M.; Kuhl, U.; Levine, G.N.; Narula, J.; Starling, R.C.; Towbin, J.;
et al. The role of endomyocardial biopsy in the management of cardiovascular disease: A scientific statement from the American
Heart Association, the American College of Cardiology, and the European Society of Cardiology. Circulation 2007, 116, 2216-2233.
[CrossRef]

Singh, V.; Mendirichaga, R.; Savani, G.T.; Rodriguez, A.; Blumer, V.; Elmariah, S.; Inglessis-Azuaje, I.; Palacios, I. Comparison
of Utilization Trends, Indications, and Complications of Endomyocardial Biopsy in Native Versus Donor Hearts (from the
Nationwide Inpatient Sample 2002 to 2014). Am. J. Cardiol. 2018, 121, 356-363. [CrossRef]

Bennett, M.K.; Gilotra, N.A.; Harrington, C.; Rao, S.; Dunn, ].M.; Freitag, T.B.; Halushka, M.K,; Russell, S.D. Evaluation of the
role of endomyocardial biopsy in 851 patients with unexplained heart failure from 2000-2009. Circ. Heart Fail. 2013, 6, 676—684.
[CrossRef]

Chow, L.H.; Radio, S.J.; Sears, T.D.; McManus, B.M. Insensitivity of right ventricular endomyocardial biopsy in the diagnosis of
myocarditis. . Am. Coll. Cardiol. 1989, 14, 915-920. [CrossRef]

Veronese, G.; Cipriani, M.; Bottiroli, M.; Garascia, A.; Mondino, M.; Pedrotti, P; Pini, D.; Cozzi, O.; Messina, A.; Droandi, G.; et al.
Fulminant myocarditis triggered by OC43 subtype coronavirus: A disease deserving evidence-based care bundles. J. Cardiovasc.
Med. 2020, 21, 529-531. [CrossRef]

Bock, C.T.; Klingel, K.; Kandolf, R. Human parvovirus B19-associated myocarditis. N. Engl. |. Med. 2010, 362, 1248-1249.
[CrossRef]

Law, YM,; Lal, A.K.; Chen, S.; Cihakova, D.; Cooper, L.T., Jr.; Deshpande, S.; Godown, J.; Grosse-Wortmann, L.; Robinson, J.D.;
Towbin, J.A,; et al. Diagnosis and Management of Myocarditis in Children: A Scientific Statement from the American Heart
Association. Circulation 2021, 144, e123—e135. [CrossRef]

Tschope, C.; Elsanhoury, A.; Schlieker, S.; Van Linthout, S.; Kuhl, U. Immunosuppression in inflammatory cardiomyopathy and
parvovirus B19 persistence. Eur. J. Heart Fail. 2019, 21, 1468-1469. [CrossRef]

Rosa, VE.E.; Lopes, M.P; Spina, G.S.; Soares Junior, J.; Salazar, D.; Romero, C.E.; Lottenberg, M.P,; de Santis, A.; Pires, L.J.N.T,;
Gongalves, L.ET.; et al. Rheumatic Myocarditis: A Poorly Recognized Etiology of Left Ventricular Dysfunction in Valvular Heart
Disease Patients. Front. Cardiovasc. Med. 2021, 8, 676694. [CrossRef]

Rosa, V.E.; Lopes, A.S.; Accorsi, T.A.; Fernandes, ].R.; Spina, G.S.; Sampaio, R.O.; Bacal, F,; Tarasoutchi, F. Heart Transplant in
Patients with Predominantly Rheumatic Valvular Heart Disease. |. Heart Valve Dis. 2015, 24, 629-634.

Lauer, B.; Niederau, C.; Kiihl, U.; Schannwell, M.; Pauschinger, M.; Strauer, B.E.; Schultheiss, H.P. Cardiac troponin T in patients
with clinically suspected myocarditis. J. Am. Coll. Cardiol. 1997, 30, 1354-1359. [CrossRef]

Mahfoud, E; Gartner, B.; Kindermann, M.; Ukena, C.; Gadomski, K.; Klingel, K.; Kandolf, R.; Bshm, M.; Kindermann, I. Virus
serology in patients with suspected myocarditis: Utility or futility? Eur. Heart . 2011, 32, 897-903. [CrossRef]

Rodrigues, A.B.; da Gama Torres, H.O.; Nunes, M.D.C.P.; de Assis Silva Gomes, J.; Pinho, L.L.N.; Rocha, M.O.; Botoni, FA.
Biomakers in Chronic Chagas Cardiomyopathy. Microorganisms 2022, 10, 1602. [CrossRef]

Marra, A.M.; Arcopinto, M.; Salzano, A.; Bobbio, E.; Milano, S.; Misiano, G.; Ferrara, F; Vriz, O.; Napoli, R.; Triggiani, V.; et al.
Detectable interleukin-9 plasma levels are associated with impaired cardiopulmonary functional capacity and all-cause mortality
in patients with chronic heart failure. Int. J. Cardiol. 2016, 209, 114-117. [CrossRef]

Goémez-Ochoa, S.A.; Bautista-Nifio, PK.; Rojas, L.Z.; Hunziker, L.; Muka, T.; Echeverria, L.E. Circulating MicroRNAs and
myocardial involvement severity in chronic Chagas cardiomyopathy. Front. Cell Infect. Microbiol. 2022, 12, 922189. [CrossRef]
Cannata, A.; Bromage, D.I.; McDonagh, T.A. COVID-19 and heart failure: The dark side of the moon. Eur. J. Heart Fail. 2022, 24,
1129-1131. [CrossRef]

Ammirati, E.; Lupi, L.; Palazzini, M.; Hendren, N.S.; Grodin, J.L.; Cannistraci, C.V.; Schmidt, M.; Hekimian, G.; Peretto, G.;
Bochaton, T.; et al. Prevalence, Characteristics, and Outcomes of COVID-19-Associated Acute Myocarditis. Circulation 2022, 145,
1123-1139. [CrossRef]


https://doi.org/10.1016/j.jacc.2017.08.044
https://doi.org/10.1016/j.jacc.2017.08.050
https://doi.org/10.1016/j.hrthm.2014.03.043
https://doi.org/10.1016/j.jcmg.2016.01.010
https://doi.org/10.1016/j.jcmg.2016.09.023
https://doi.org/10.1161/CIRCIMAGING.117.007030
https://doi.org/10.1161/CIRCULATIONAHA.107.186093
https://doi.org/10.1016/j.amjcard.2017.10.021
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000087
https://doi.org/10.1016/0735-1097(89)90465-8
https://doi.org/10.2459/JCM.0000000000000989
https://doi.org/10.1056/NEJMc0911362
https://doi.org/10.1161/CIR.0000000000001001
https://doi.org/10.1002/ejhf.1560
https://doi.org/10.3389/fcvm.2021.676694
https://doi.org/10.1016/S0735-1097(97)00317-3
https://doi.org/10.1093/eurheartj/ehq493
https://doi.org/10.3390/microorganisms10081602
https://doi.org/10.1016/j.ijcard.2016.02.017
https://doi.org/10.3389/fcimb.2022.922189
https://doi.org/10.1002/ejhf.2518
https://doi.org/10.1161/CIRCULATIONAHA.121.056817

J. Clin. Med. 2023, 12, 7214 22 of 26

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Bozkurt, B.; Kamat, I.; Hotez, P.J. Myocarditis With COVID-19 mRNA Vaccines. Circulation 2021, 144, 471-484. [CrossRef]
Rosner, C.M.; Genovese, L.; Tehrani, B.N.; Atkins, M.; Bakhshi, H.; Chaudhri, S.; Damluji, A.A.; de Lemos, J.A.; Desai, S.S.;
Emaminia, A.; et al. Myocarditis Temporally Associated with COVID-19 Vaccination. Circulation 2021, 144, 502-505. [CrossRef]
Inciardi, R-M.; Lupi, L.; Zaccone, G.; Italia, L.; Raffo, M.; Tomasoni, D.; Cani, D.S.; Cerini, M.; Farina, D.; Gavazzi, E.; et al. Cardiac
Involvement in a Patient with Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 819-824. [CrossRef]

Usui, E.; Nagaoka, E.; Ikeda, H.; Ohmori, M.; Tao, S.; Yonetsu, T.; Maejima, Y.; Arai, H.; Amemiya, K.; Ikeda, Y.; et al. Fulminant
myocarditis with COVID-19 infection having normal C-reactive protein and serial magnetic resonance follow-up. ESC Heart Fail.
2022. [CrossRef]

Siripanthong, B.; Nazarian, S.; Muser, D.; Deo, R.; Santangeli, P.; Khanji, M.Y.; Cooper, L.T.; Chahal, C.A.A. Recognizing COVID-
19-related myocarditis: The possible pathophysiology and proposed guideline for diagnosis and management. Heart Rhythm.
2020, 17, 1463-1471. [CrossRef]

Bollano, E.; Bergh, N.; Dudas, A.; Bobbio, E.; Polte, C.L. Somatostatin receptor positron emission tomography/computed
tomography in myocarditis following mRNA COVID-19 vaccination. Eur. Heart ]. Case Rep. 2022, 6, ytac117. [CrossRef]

Birnie, D.H.; Nery, P.B.; Ha, A.C.; Beanlands, R.S. Cardiac Sarcoidosis. J. Am. Coll. Cardiol. 2016, 68, 411-421. [CrossRef]
Kandolin, R.; Lehtonen, J.; Airaksinen, J.; Vihinen, T.; Miettinen, H.; Ylitalo, K.; Kaikkonen, K.; Tuohinen, S.; Haataja, ; Kerola, T.;
et al. Cardiac sarcoidosis: Epidemiology, characteristics, and outcome over 25 years in a nationwide study. Circulation 2015, 131,
624-632. [CrossRef]

Bobbio, E.; Hjalmarsson, C.; Bjorkenstam, M.; Polte, C.L.; Oldfors, A.; Lindstrom, U.; Dahlberg, P; Bartfay, S.E.; Szamlewski, P;
Taha, A.; et al. Diagnosis, management, and outcome of cardiac sarcoidosis and giant cell myocarditis: A Swedish single center
experience. BMC Cardiovasc. Disord. 2022, 22, 192. [CrossRef]

Kouranos, V.; Tzelepis, G.E.; Rapti, A.; Mavrogeni, S.; Aggeli, K.; Douskou, M.; Prasad, S.; Koulouris, N.; Sfikakis, P.; Wells, A;
et al. Complementary Role of CMR to Conventional Screening in the Diagnosis and Prognosis of Cardiac Sarcoidosis. JACC
Cardiovasc. Imaging 2017, 10, 1437-1447. [CrossRef]

Komoriyama, H.; Omote, K.; Nagai, T.; Kato, Y.; Nagano, N.; Koyanagawa, K.; Kamiya, K.; Konishi, T.; Sato, T.; Kobayashi,
Y.; et al. Lower left ventricular ejection fraction and higher serum angiotensin-converting enzyme activity are associated with
histopathological diagnosis by endomyocardial biopsy in patients with cardiac sarcoidosis. Int. . Cardiol. 2020, 321, 113-117.
[CrossRef]

Yodogawa, K.; Fukushima, Y.; Ando, T.; Iwasaki, Y.K.; Akiyama, K.; Kumita, S.I.; Azuma, A.; Seino, Y.; Shimizu, W. Prevalence of
atrial FDG uptake and association with atrial arrhythmias in patients with cardiac sarcoidosis. Int. J. Cardiol. 2020, 313, 55-59.
[CrossRef]

Kandolin, R.; Lehtonen, J.; Airaksinen, ].; Vihinen, T.; Miettinen, H.; Kaikkonen, K.; Haataja, P.; Kerola, T.; Kupari, M. Usefulness of
Cardiac Troponins as Markers of Early Treatment Response in Cardiac Sarcoidosis. Am. J. Cardiol. 2015, 116, 960-964. [CrossRef]
Baba, Y.; Kubo, T.; Kitaoka, H.; Okawa, M.; Yamanaka, S.; Kawada, Y.; Yamasaki, N.; Matsumura, Y.; Furuno, T.; Sugiura, T.; et al.
Usefulness of high-sensitive cardiac troponin T for evaluating the activity of cardiac sarcoidosis. Int. Heart J. 2012, 53, 287-292.
[CrossRef]

Kobayashi, Y.; Sato, T.; Nagai, T.; Hirata, K.; Tsuneta, S.; Kato, Y.; Komoriyama, H.; Kamiya, K.; Konishi, T.; Omote, K,; et al.
Association of high serum soluble interleukin 2 receptor levels with risk of adverse events in cardiac sarcoidosis. ESC Heart Fail.
2021, 8, 5282-5292. [CrossRef]

Odawara, K.; Inoue, T.; Hirooka, Y. Effective steroid therapy in an elderly patient with cardiac sarcoidosis and severe left
ventricular dysfunction. J. Cardiol. Cases 2019, 19, 165-168. [CrossRef]

Kim, ].S.; Judson, M.A.; Donnino, R.; Gold, M.; Cooper, L.T.; Prystowsky, E.N.; Prystowsky, S. Cardiac sarcoidosis. Am. Heart J.
2009, 157, 9-21. [CrossRef]

Sekhri, V.; Sanal, S.; Delorenzo, L.J.; Aronow, W.S.; Maguire, G.P. Cardiac sarcoidosis: A comprehensive review. Arch. Med. Sci.
2011, 7, 546-554. [CrossRef]

Habib, G.; Bucciarelli-Ducci, C.; Caforio, A.L.P.; Cardim, N.; Charron, P.; Cosyns, B.; Dehaene, A.; Derumeaux, G.; Donal,
E.; Dweck, M.R,; et al. Multimodality Imaging in Restrictive Cardiomyopathies: An EACVI expert consensus document in
collaboration with the “Working Group on myocardial and pericardial diseases” of the European Society of Cardiology Endorsed
by The Indian Academy of Echocardiography. Eur. Heart |. Cardiovasc. Imaging 2017, 18, 1090-1121. [CrossRef]

Judson, M.A.; Costabel, U.; Drent, M.; Wells, A.; Maier, L.; Koth, L.; Shigemitsu, H.; Culver, D.A ; Gelfand, J.; Valeyre, D.; et al.
The WASOG Sarcoidosis Organ Assessment Instrument: An update of a previous clinical tool. Sarcoidosis Vasc. Diffuse Lung Dis.
2014, 31, 19-27.

Patel, A.R.; Klein, M.R.; Chandra, S.; Spencer, K.T.; Decara, ].M.; Lang, R.M.; Burke, M.C.; Garrity, E.R.; Hogarth, D.K.; Archer,
S.L.; et al. Myocardial damage in patients with sarcoidosis and preserved left ventricular systolic function: An observational
study. Eur. |. Heart Fail. 2011, 13, 1231-1237. [CrossRef]

Patel, M.R.; Cawley, PJ.; Heitner, J.F; Klem, I.; Parker, M.A; Jaroudi, W.A.; Meine, T.J.; White, ].B.; Elliott, M.D.; Kim, HW.,; et al.
Detection of myocardial damage in patients with sarcoidosis. Circulation 2009, 120, 1969-1977. [CrossRef]

Nadel, J.; Lancefield, T.; Voskoboinik, A.; Taylor, A.]. Late gadolinium enhancement identified with cardiac magnetic resonance
imaging in sarcoidosis patients is associated with long-term ventricular arrhythmia and sudden cardiac death. Eur. Heart ].
Cardiovasc. Imaging 2015, 16, 634—641. [CrossRef]


https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.1161/CIRCULATIONAHA.121.055891
https://doi.org/10.1001/jamacardio.2020.1096
https://doi.org/10.1002/ehf2.14228
https://doi.org/10.1016/j.hrthm.2020.05.001
https://doi.org/10.1093/ehjcr/ytac117
https://doi.org/10.1016/j.jacc.2016.03.605
https://doi.org/10.1161/CIRCULATIONAHA.114.011522
https://doi.org/10.1186/s12872-022-02639-0
https://doi.org/10.1016/j.jcmg.2016.11.019
https://doi.org/10.1016/j.ijcard.2020.07.034
https://doi.org/10.1016/j.ijcard.2020.04.041
https://doi.org/10.1016/j.amjcard.2015.06.021
https://doi.org/10.1536/ihj.53.287
https://doi.org/10.1002/ehf2.13614
https://doi.org/10.1016/j.jccase.2018.12.019
https://doi.org/10.1016/j.ahj.2008.09.009
https://doi.org/10.5114/aoms.2011.24118
https://doi.org/10.1093/ehjci/jex034
https://doi.org/10.1093/eurjhf/hfr099
https://doi.org/10.1161/CIRCULATIONAHA.109.851352
https://doi.org/10.1093/ehjci/jeu294

J. Clin. Med. 2023, 12, 7214 23 of 26

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Greulich, S.; Deluigi, C.C.; Gloekler, S.; Wahl, A.; Ziirn, C.; Kramer, U.; Nothnagel, D.; Biiltel, H.; Schumm, J.; Griin, S.; et al. CMR
imaging predicts death and other adverse events in suspected cardiac sarcoidosis. JACC Cardiovasc. Imaging 2013, 6, 501-511.
[CrossRef]

Youssef, G.; Leung, E.; Mylonas, L; Nery, P.; Williams, K.; Wisenberg, G.; Gulenchyn, K.Y.; Dekemp, R.A_; Dasilva, J.; Birnie,
D.; et al. The use of 18F-FDG PET in the diagnosis of cardiac sarcoidosis: A systematic review and metaanalysis including the
Ontario experience. J. Nucl. Med. 2012, 53, 241-248. [CrossRef]

Yamagishi, H.; Shirai, N.; Takagi, M.; Yoshiyama, M.; Akioka, K.; Takeuchi, K.; Yoshikawa, J. Identification of cardiac sarcoidosis
with (13)N-NH(3)/(18)F-FDG PET. J. Nucl. Med. 2003, 44, 1030-1036.

Osborne, M.T,; Hulten, E.A.; Singh, A.; Waller, A.H.; Bittencourt, M.S.; Stewart, G.C.; Hainer, J.; Murthy, V.L.; Skali, H.; Dorbala, S.;
et al. Reduction in '8F-fluorodeoxyglucose uptake on serial cardiac positron emission tomography is associated with improved
left ventricular ejection fraction in patients with cardiac sarcoidosis. J. Nucl. Cardiol. 2014, 21, 166-174. [CrossRef]

Erthal, E; Juneau, D.; Lim, S.P.; Dwivedi, G.; Nery, P.B.; Birnie, D.; Beanlands, R.S. Imaging of cardiac sarcoidosis. Q. J. Nucl. Med.
Mol. Imaging 2016, 60, 252-263.

Lurz, P; Eitel, I.; Adam, J.; Steiner, J.; Grothoff, M.; Desch, S.; Fuernau, G.; de Waha, S.; Sareban, M.; Luecke, C.; et al. Diagnostic
performance of CMR imaging compared with EMB in patients with suspected myocarditis. JACC Cardiovasc. Imaging 2012, 5,
513-524. [CrossRef]

Cooper, L.T,, Jr.; Berry, G.J.; Shabetai, R. Idiopathic giant-cell myocarditis--natural history and treatment. Multicenter Giant Cell
Myocarditis Study Group Investigators. N. Engl. J. Med. 1997, 336, 1860-1866. [CrossRef]

Kandolin, R.; Lehtonen, J.; Salmenkivi, K.; Raisanen-Sokolowski, A.; Lommi, J.; Kupari, M. Diagnosis, treatment, and outcome of
giant-cell myocarditis in the era of combined immunosuppression. Circ. Heart Fail. 2013, 6, 15-22. [CrossRef]

Ekstrom, K.; Lehtonen, J.; Kandolin, R.; Raisanen-Sokolowski, A.; Salmenkivi, K.; Kupari, M. Long-term outcome and its
predictors in giant cell myocarditis. Eur. . Heart Fail. 2016, 18, 1452-1458. [CrossRef]

Bobbio, E.; Bjorkenstam, M.; Nwaru, B.I; Giallauria, F; Hessman, E.; Bergh, N.; Polte, C.L.; Lehtonen, J.; Karason, K.; Bollano, E.
Short- and long-term outcomes after heart transplantation in cardiac sarcoidosis and giant-cell myocarditis: A systematic review
and meta-analysis. Clin. Res. Cardiol. 2022, 111, 125-140. [CrossRef]

Gilotra, N.A.; Minkove, N.; Bennett, M.K.; Tedford, R.J.; Steenbergen, C.; Judge, D.P.; Halushka, M.K,; Russell, S.D. Lack of
Relationship Between Serum Cardiac Troponin I Level and Giant Cell Myocarditis Diagnosis and Outcomes. J. Card. Fail. 2016,
22,583-585. [CrossRef]

Okura, Y.; Dec, G.W.; Hare, ].M.; Kodama, M.; Berry, G.J.; Tazelaar, H.D.; Bailey, K.R.; Cooper, L.T. A clinical and histopathologic
comparison of cardiac sarcoidosis and idiopathic giant cell myocarditis. J. Am. Coll. Cardiol. 2003, 41, 322-329. [CrossRef]
Paitazoglou, C.; Bergmann, M.W.; Tiemann, K.; Wiese, A.; Schéfer, U.; Schwarz, A ; Eitel, I.; Montenbruck, M. Atrial Giant Cell
Myocarditis as a Cause of Heart Failure: Diagnostic Pathway and Successful Treatment. JACC Case Rep. 2022, 4, 66-71. [CrossRef]
Ekstrom, K.; Lehtonen, J.; Kandolin, R.; Rdisdnen-Sokolowski, A.; Salmenkivi, K.; Kupari, M. Incidence, Risk Factors, and
Outcome of Life-Threatening Ventricular Arrhythmias in Giant Cell Myocarditis. Circ. Arrhythm. Electrophysiol. 2016, 9, e004559.
[CrossRef]

Bobbio, E.; Amundsen, J.; Oldfors, A.; Bollano, E.; Bergh, N.; Bjorkenstam, M.; Astengo, M.; Karason, K.; Gao, S.A.; Polte,
C.L. Echocardiography in inflammatory heart disease: A comparison of giant cell myocarditis, cardiac sarcoidosis, and acute
non-fulminant myocarditis. IJC Heart Vasc. 2023, 46, 101202. [CrossRef]

Poyhonen, P.; Nordenswan, H.K.; Lehtonen, ].; Syvaranta, S.; Shenoy, C.; Kupari, M. Cardiac magnetic resonance in giant cell
myocarditis: A matched comparison with cardiac sarcoidosis. Eur. Heart ]. Cardiovasc. Imaging 2023, 24, 404-412. [CrossRef]
Bobbio, E.; Bollano, E.; Oldfors, A.; Hedner, H.; Bjorkenstam, M.; Svedlund, S.; Karason, K.; Bergh, N.; Polte, C.L. Phenotyping
of giant cell myocarditis versus cardiac sarcoidosis using cardiovascular magnetic resonance. Int. J. Cardiol. 2023, 387, 131143.
[CrossRef]

Polte, C.L.; Bollano, E.; Oldfors, A.; Dudas, A.; Lagerstrand, K.M.; Himmelman, J.; Bobbio, E.; Karason, K.; van Essen, M.; Bergh,
N. Somatostatin Receptor Positron Emission Tomography/Computed Tomography in Giant Cell Myocarditis: A Promising
Approach to Molecular Myocardial Inflammation Imaging. Circ. Cardiovasc. Imaging 2022, 15, e013551. [CrossRef]

Al Ali, AM,; Straatman, L.P; Allard, M.E; Ignaszewski, A.P. Eosinophilic myocarditis: Case series and review of literature. Can. J.
Cardiol. 2006, 22, 1233-1237. [CrossRef]

Pieroni, M.; Cavallaro, R.; Chimenti, C.; Smeraldi, E.; Frustaci, A. Clozapine-induced hypersensitivity myocarditis. Chest 2004,
126, 1703-1705. [CrossRef]

Ammirati, E.; Cipriani, M.; Musca, F.; Bonacina, E.; Pedrotti, P; Roghi, A.; Astaneh, A.; Schroeder, ].W.; Nonini, S.; Russo, C.F,;
et al. A life-threatening presentation of eosinophilic granulomatosis with polyangiitis. J. Cardiovasc. Med. 2016, 17 (Suppl. 2),
e109—el11. [CrossRef]

Roehrl, M.H.; Alexander, M.P,; Hammond, S.B.; Ruzinova, M.; Wang, J.Y.; O'Hara, C.J. Eosinophilic myocarditis in hypere-
osinophilic syndrome. Am. J. Hematol. 2011, 86, 607-608. [CrossRef]

Brambatti, M.; Matassini, M.V.; Adler, E.D.; Klingel, K.; Camici, P.G.; Ammirati, E. Eosinophilic Myocarditis: Characteristics,
Treatment, and Outcomes. ]. Am. Coll. Cardiol. 2017, 70, 2363-2375. [CrossRef]


https://doi.org/10.1016/j.jcmg.2012.10.021
https://doi.org/10.2967/jnumed.111.090662
https://doi.org/10.1007/s12350-013-9828-6
https://doi.org/10.1016/j.jcmg.2011.11.022
https://doi.org/10.1056/NEJM199706263362603
https://doi.org/10.1161/CIRCHEARTFAILURE.112.969261
https://doi.org/10.1002/ejhf.606
https://doi.org/10.1007/s00392-021-01920-0
https://doi.org/10.1016/j.cardfail.2015.12.022
https://doi.org/10.1016/S0735-1097(02)02715-8
https://doi.org/10.1016/j.jaccas.2021.11.007
https://doi.org/10.1161/CIRCEP.116.004559
https://doi.org/10.1016/j.ijcha.2023.101202
https://doi.org/10.1093/ehjci/jeac265
https://doi.org/10.1016/j.ijcard.2023.131143
https://doi.org/10.1161/CIRCIMAGING.121.013551
https://doi.org/10.1016/S0828-282X(06)70965-5
https://doi.org/10.1378/chest.126.5.1703
https://doi.org/10.2459/JCM.0000000000000330
https://doi.org/10.1002/ajh.21943
https://doi.org/10.1016/j.jacc.2017.09.023

J. Clin. Med. 2023, 12, 7214 24 of 26

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Intarasupht, J.; Kanchanomai, A.; Leelasattakul, W.; Chantrarat, T.; Nakakes, A.; Tiyanon, W. Prevalence, risk factors, and
mortality outcome in the drug reaction with eosinophilia and systemic symptoms patients with cardiac involvement. Int. J.
Dermatol. 2018, 57, 1187-1191. [CrossRef]

Radovanovic, M,; Jevtic, D.; Calvin, A.D.; Petrovic, M.; Paulson, M.; Rueda Prada, L.; Sprecher, L.; Savic, I.; Dumic, I. “Heart
in DRESS”: Cardiac Manifestations, Treatment and Outcome of Patients with Drug Reaction with Eosinophilia and Systemic
Symptoms Syndrome: A Systematic Review. J. Clin. Med. 2022, 11, 704. [CrossRef]

Morikawa, D.; Hiraoka, E.; Obunai, K.; Norisue, Y. Myocarditis Associated with Drug Reaction with Eosinophilia and Systemic
Symptoms (DRESS) Syndrome: A Case Report and Review of the Literature. Am. . Case Rep. 2018, 19, 978-984. [CrossRef]
Bourgeois, G.P,; Cafardi, ].A.; Groysman, V.; Hughey, L.C. A review of DRESS-associated myocarditis. J. Am. Acad. Dermatol.
2012, 66, €229—-e236. [CrossRef]

Zhong, Z.; Yang, Z.; Peng, Y.; Wang, L.; Yuan, X. Diagnosis and treatment of eosinophilic myocarditis. J. Transl. Autoimmun. 2021,
4,100118. [CrossRef]

Séguéla, PE.; Iriart, X.; Acar, P.; Montaudon, M.; Roudaut, R.; Thambo, J.B. Eosinophilic cardiac disease: Molecular, clinical and
imaging aspects. Arch. Cardiovasc. Dis. 2015, 108, 258-268. [CrossRef]

Morimoto, S.; Kubo, N.; Hiramitsu, S.; Uemura, A.; Ohtsuki, M.; Kato, S.; Kato, Y.; Sugiura, A.; Miyagishima, K.; Mori, N.;
et al. Changes in the peripheral eosinophil count in patients with acute eosinophilic myocarditis. Heart Vessel. 2003, 18, 193-196.
[CrossRef]

Arima, M.; Kanoh, T. Eosinophilic myocarditis associated with dense deposits of eosinophil cationic protein (ECP) in endomy-
ocardium with high serum ECP. Heart 1999, 81, 669-671. [CrossRef]

Arima, M.; Kanoh, T.; Kawano, Y.; Oigawa, T.; Yamagami, S.; Matsuda, S. Serum levels of eosinophil cationic protein in patients
with eosinophilic myocarditis. Int. J. Cardiol. 2002, 84, 97-99. [CrossRef]

Ommen, S.R.; Seward, J.B.; Tajik, A.J. Clinical and echocardiographic features of hypereosinophilic syndromes. Am. J. Cardiol.
2000, 86, 110-113. [CrossRef]

Simonnet, B.; Jacquier, A.; Salaun, E.; Hubert, S.; Habib, G. Cardiac involvement in hypereosinophilic syndrome: Role of
multimodality imaging. Eur. Heart ]. Cardiovasc. Imaging 2015, 16, 228. [CrossRef]

Gottdiener, ].S.; Maron, B.J.; Schooley, R.T.; Harley, ].B.; Roberts, W.C.; Fauci, A.S. Two-dimensional echocardiographic assessment
of the idiopathic hypereosinophilic syndrome. Anatomic basis of mitral regurgitation and peripheral embolization. Circulation
1983, 67, 572-578. [CrossRef]

Dedieu, N.; Giardini, A.; Khambadkone, S.; Marek, J. Eosinophilic heart disease in a paediatric patient. Eur. |. Echocardiogr. 2011,
12, E3. [CrossRef]

Antonopoulos, A.S.; Azzu, A.; Androulakis, E.; Tanking, C.; Papagkikas, P.; Mohiaddin, R.H. Eosinophilic heart disease:
Diagnostic and prognostic assessment by cardiac magnetic resonance. Eur. Heart ]. Cardiovasc. Imaging 2021, 22, 1273-1284.
[CrossRef]

Rotoli, B.; Catalano, L.; Galderisi, M.; Luciano, L.; Pollio, G.; Guerriero, A.; D’Errico, A.; Mecucci, C.; La Starza, R.; Frigeri, F; et al.
Rapid reversion of Loeffler’s endocarditis by imatinib in early stage clonal hypereosinophilic syndrome. Leuk. Lymphoma 2004, 45,
2503-2507. [CrossRef]

Moslehi, J.; Salem, J.E. Immune Checkpoint Inhibitor Myocarditis Treatment Strategies and Future Directions. JACC CardioOncol
2022, 4, 704-707. [CrossRef]

Mahmood, S.S.; Fradley, M.G.; Cohen, ].V.; Nohria, A.; Reynolds, K.L.; Heinzerling, L.M.; Sullivan, R.J.; Damrongwatanasuk, R.;
Chen, C.L.; Gupta, D.; et al. Myocarditis in Patients Treated with Immune Checkpoint Inhibitors. J. Am. Coll. Cardiol. 2018, 71,
1755-1764. [CrossRef]

Schneider, B.J.; Naidoo, J.; Santomasso, B.D.; Lacchetti, C.; Adkins, S.; Anadkat, M.; Atkins, M.B.; Brassil, K.J.; Caterino, J.M.;
Chau, L; et al. Management of Immune-Related Adverse Events in Patients Treated with Immune Checkpoint Inhibitor Therapy:
ASCO Guideline Update. J. Clin. Oncol. 2021, 39, 4073-4126. [CrossRef]

Jain, V.; Bahia, J.; Mohebtash, M.; Barac, A. Cardiovascular Complications Associated with Novel Cancer Immunotherapies. Curr.
Treat. Options Cardiovasc. Med. 2017, 19, 36. [CrossRef]

Johnson, D.B.; Balko, ].M.; Compton, M.L.; Chalkias, S.; Gorham, J.; Xu, Y.; Hicks, M.; Puzanov, I.; Alexander, M.R.; Bloomer, T.L.;
et al. Fulminant Myocarditis with Combination Immune Checkpoint Blockade. N. Engl. ]. Med. 2016, 375, 1749-1755. [CrossRef]
Zhang, L.; Zlotoff, D.A.; Awadalla, M.; Mahmood, S.S.; Nohria, A.; Hassan, M.Z.O.; Thuny, F.; Zubiri, L.; Chen, C.L.; Sullivan,
R.].; et al. Major Adverse Cardiovascular Events and the Timing and Dose of Corticosteroids in Immune Checkpoint Inhibitor-
Associated Myocarditis. Circulation 2020, 141, 2031-2034. [CrossRef]

Arangalage, D.; Delyon, ]J.; Lermuzeaux, M.; Ekpe, K.; Ederhy, S.; Pages, C.; Lebbe, C. Survival After Fulminant Myocarditis
Induced by Immune-Checkpoint Inhibitors. Ann. Intern. Med. 2017, 167, 683—684. [CrossRef]

Lehmann, L.H.; Cautela, ].; Palaskas, N.; Baik, A.H.; Meijers, W.C.; Allenbach, Y.; Alexandre, J.; Rassaf, T.; Miiller, O.].; Aras, M.;
et al. Clinical Strategy for the Diagnosis and Treatment of Immune Checkpoint Inhibitor-Associated Myocarditis: A Narrative
Review. JAMA Cardiol. 2021, 6, 1329-1337. [CrossRef]

Salem, J.E.; Allenbach, Y.; Vozy, A.; Brechot, N.; Johnson, D.B.; Moslehi, J.J.; Kerneis, M. Abatacept for Severe Inmune Checkpoint
Inhibitor-Associated Myocarditis. N. Engl. ]. Med. 2019, 380, 2377-2379. [CrossRef]


https://doi.org/10.1111/ijd.14174
https://doi.org/10.3390/jcm11030704
https://doi.org/10.12659/AJCR.909569
https://doi.org/10.1016/j.jaad.2010.11.057
https://doi.org/10.1016/j.jtauto.2021.100118
https://doi.org/10.1016/j.acvd.2015.01.006
https://doi.org/10.1007/s00380-003-0721-0
https://doi.org/10.1136/hrt.81.6.669
https://doi.org/10.1016/S0167-5273(02)00074-8
https://doi.org/10.1016/S0002-9149(00)00841-9
https://doi.org/10.1093/ehjci/jeu196
https://doi.org/10.1161/01.CIR.67.3.572
https://doi.org/10.1093/ejechocard/jeq098
https://doi.org/10.1093/ehjci/jeaa346
https://doi.org/10.1080/10428190400002293
https://doi.org/10.1016/j.jaccao.2022.11.005
https://doi.org/10.1016/j.jacc.2018.02.037
https://doi.org/10.1200/JCO.21.01440
https://doi.org/10.1007/s11936-017-0532-8
https://doi.org/10.1056/NEJMoa1609214
https://doi.org/10.1161/CIRCULATIONAHA.119.044703
https://doi.org/10.7326/L17-0396
https://doi.org/10.1001/jamacardio.2021.2241
https://doi.org/10.1056/NEJMc1901677

J. Clin. Med. 2023, 12, 7214 25 of 26

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Wang, D.Y.; Okoye, G.D.; Neilan, T.G.; Johnson, D.B.; Moslehi, ].J. Cardiovascular Toxicities Associated with Cancer Immunother-
apies. Curr. Cardiol. Rep. 2017, 19, 21. [CrossRef]

Kondapalli, L.; Medina, T.; Groves, D.W. Practical cardiovascular imaging approach to diagnose immune checkpoint inhibitor
myocarditis. Eur. Heart |. Cardiovasc. Imaging 2021, 22, 372-374. [CrossRef]

Peters, L.J.E; Biessen, E.A.L.; Hohl, M.; Weber, C.; van der Vorst, EP.C.; Santovito, D. Small Things Matter: Relevance of
MicroRNAs in Cardiovascular Disease. Front. Physiol. 2020, 11, 793. [CrossRef]

Neuzi, P; Giselbrecht, S.; Lange, K.; Huang, T.J.; Manz, A. Revisiting lab-on-a-chip technology for drug discovery. Nat. Rev. Drug
Discov. 2012, 11, 620-632. [CrossRef]

Lewandowski, P.; Gotawski, M.; Baron, M.; Reichman-Warmusz, E.; Wojnicz, R. A Systematic Review of miRNA and cfDNA as
Potential Biomarkers for Liquid Biopsy in Myocarditis and Inflammatory Dilated Cardiomyopathy. Biomolecules 2022, 12, 1476.
[CrossRef]

Calderon-Dominguez, M.; Belmonte, T.; Quezada-Feijoo, M.; Ramos, M.; Calderon-Dominguez, J.; Campuzano, O.; Mangas, A.;
Toro, R. Plasma microrna expression profile for reduced ejection fraction in dilated cardiomyopathy. Sci. Rep. 2021, 11, 7517.
[CrossRef]

Husain, H.; Velculescu, V.E. Cancer DNA in the Circulation: The Liquid Biopsy. JAMA 2017, 318, 1272-1274. [CrossRef]

Page, K.; Shaw, ].A.; Guttery, D.S. The liquid biopsy: Towards standardisation in preparation for prime time. Lancet Oncol. 2019,
20, 758-760. [CrossRef]

Shaw, J.A.; Brown, J.; Coombes, R.C.; Jacob, J.; Payne, R.; Lee, B.; Page, K.; Hava, N.; Stebbing, J. Circulating tumor cells and
plasma DNA analysis in patients with indeterminate early or metastatic breast cancer. Biomark. Med. 2011, 5, 87-91. [CrossRef]
Jylhava, J.; Lehtimaki, T.; Jula, A.; Moilanen, L.; Kesaniemi, Y.A.; Nieminen, M.S.; Kahonen, M.; Hurme, M. Circulating cell-free
DNA is associated with cardiometabolic risk factors: The Health 2000 Survey. Atherosclerosis 2014, 233, 268-271. [CrossRef]

Xie, J.; Yang, J.; Hu, P. Correlations of Circulating Cell-Free DNA With Clinical Manifestations in Acute Myocardial Infarction.
Am. J. Med. Sci. 2018, 356, 121-129. [CrossRef]

Salzano, A ; Israr, M.Z.; Garcia, D.F,; Middleton, L.; D’Assante, R.; Marra, A.M.; Arcopinto, M.; Yazaki, Y.; Bernieh, D.; Cassambai,
S.; et al. Circulating cell-free DNA levels are associated with adverse outcomes in heart failure: Testing liquid biopsy in heart
failure. Eur. J. Prev. Cardiol. 2021, 28, e28—€31. [CrossRef]

De Vlaminck, I.; Valantine, H.A.; Snyder, T.M.; Strehl, C.; Cohen, G.; Luikart, H.; Neff, N.E; Okamoto, ].; Bernstein, D.; Weisshaar,
D.; et al. Circulating cell-free DNA enables noninvasive diagnosis of heart transplant rejection. Sci. Transl. Med. 2014, 6, 241ra277.
[CrossRef]

Macher, H.C.; Garcia-Fernandez, N.; Adsuar-Gomez, A.; Porras-Lopez, M.; Gonzalez-Calle, A.; Noval-Padillo, J.; Guerrero, ].M.;
Molinero, P.; Borrego-Dominguez, ].M.; Herruzo-Aviles, A.; et al. Donor-specific circulating cell free DNA as a noninvasive
biomarker of graft injury in heart transplantation. Clin. Chim. Acta 2019, 495, 590-597. [CrossRef]

Khush, K.K;; Patel, J.; Pinney, S.; Kao, A.; Alharethi, R.; DePasquale, E.; Ewald, G.; Berman, P.; Kanwar, M.; Hiller, D.; et al.
Noninvasive detection of graft injury after heart transplant using donor-derived cell-free DNA: A prospective multicenter study.
Am. ]. Transplant. 2019, 19, 2889. [CrossRef]

Coronado, M.J.; Bruno, K.A; Blauwet, L.A.; Tschope, C.; Cunningham, M.W.; Pankuweit, S.; van Linthout, S.; Jeon, E.S,;
McNamara, D.M.; Krej¢i, J.; et al. Elevated Sera sST2 Is Associated with Heart Failure in Men <50 Years Old with Myocarditis. J.
Am. Heart Assoc. 2019, 8, e008968. [CrossRef]

Obradovic, D.M.; Biittner, P.; Rommel, K.P,; Blazek, S.; Loncar, G.; von Haehling, S.; von Roeder, M.; Liicke, C.; Gutberlet,
M.; Thiele, H.; et al. Soluble ST2 Receptor: Biomarker of Left Ventricular Impairment and Functional Status in Patients with
Inflammatory Cardiomyopathy. Cells 2022, 11, 414. [CrossRef]

Besler, C.; Lang, D.; Urban, D.; Rommel, K.P.; von Roeder, M.; Fengler, K.; Blazek, S.; Kandolf, R.; Klingel, K.; Thiele, H.; et al.
Plasma and Cardiac Galectin-3 in Patients with Heart Failure Reflects Both Inflammation and Fibrosis: Implications for Its Use as
a Biomarker. Circ. Heart Fail. 2017, 10, e003804. [CrossRef]

Saric, P; Young, K.A.; Rodriguez-Porcel, M.; Chareonthaitawee, P. PET Imaging in Cardiac Sarcoidosis: A Narrative Review with
Focus on Novel PET Tracers. Pharmaceuticals 2021, 14, 1286. [CrossRef]

Jahandideh, A.; Uotila, S.; Stahle, M; Virta, J.; Li, X.G.; Kyto, V.; Marjamaki, P.; Liljenback, H.; Taimen, P.; Oikonen, V,; et al. Folate
Receptor beta-Targeted PET Imaging of Macrophages in Autoimmune Myocarditis. J. Nucl. Med. 2020, 61, 1643-1649. [CrossRef]
Lapa, C.; Reiter, T,; Li, X.; Werner, R.A.; Samnick, S.; Jahns, R.; Buck, A.K,; Ertl, G.; Bauer, W.R. Imaging of myocardial inflammation
with somatostatin receptor based PET/CT—A comparison to cardiac MRI. Int. ]. Cardiol. 2015, 194, 44-49. [CrossRef]
Kindermann, I.; Kindermann, M.; Kandolf, R.; Klingel, K.; Biiltmann, B.; Miiller, T.; Lindinger, A.; Bshm, M. Predictors of outcome
in patients with suspected myocarditis. Circulation 2008, 118, 639—-648. [CrossRef]

Caforio, A.L.; Calabrese, F.; Angelini, A.; Tona, F,; Vinci, A.; Bottaro, S.; Ramondo, A.; Carturan, E.; Iliceto, S.; Thiene, G.; et al. A
prospective study of biopsy-proven myocarditis: Prognostic relevance of clinical and aetiopathogenetic features at diagnosis. Eur.
Heart J. 2007, 28, 1326-1333. [CrossRef]

Caforio, A.L.; Mahon, N.G.; Baig, M.K,; Tona, F.; Murphy, R.T.; Elliott, PM.; McKenna, W.J. Prospective familial assessment in
dilated cardiomyopathy: Cardiac autoantibodies predict disease development in asymptomatic relatives. Circulation 2007, 115,
76-83. [CrossRef]


https://doi.org/10.1007/s11886-017-0835-0
https://doi.org/10.1093/ehjci/jeaa340
https://doi.org/10.3389/fphys.2020.00793
https://doi.org/10.1038/nrd3799
https://doi.org/10.3390/biom12101476
https://doi.org/10.1038/s41598-021-87086-1
https://doi.org/10.1001/jama.2017.12131
https://doi.org/10.1016/S1470-2045(19)30310-9
https://doi.org/10.2217/bmm.10.118
https://doi.org/10.1016/j.atherosclerosis.2013.12.022
https://doi.org/10.1016/j.amjms.2018.04.007
https://doi.org/10.1177/2047487320912375
https://doi.org/10.1126/scitranslmed.3007803
https://doi.org/10.1016/j.cca.2019.06.004
https://doi.org/10.1111/ajt.15339
https://doi.org/10.1161/JAHA.118.008968
https://doi.org/10.3390/cells11030414
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003804
https://doi.org/10.3390/ph14121286
https://doi.org/10.2967/jnumed.119.241356
https://doi.org/10.1016/j.ijcard.2015.05.073
https://doi.org/10.1161/CIRCULATIONAHA.108.769489
https://doi.org/10.1093/eurheartj/ehm076
https://doi.org/10.1161/CIRCULATIONAHA.106.641472

J. Clin. Med. 2023, 12, 7214 26 of 26

147.

148.

149.

150.

Wolff, P.G.; Kiihl, U.; Schultheiss, H.P. Laminin distribution and autoantibodies to laminin in dilated cardiomyopathy and
myocarditis. Am. Heart ]. 1989, 117, 1303-1309. [CrossRef]

Staudt, Y.; Mobini, R.; Fu, M.; Felix, S.B.; Kiihn, J.P,; Staudt, A. Betal-adrenoceptor antibodies induce apoptosis in adult isolated
cardiomyocytes. Eur. J. Pharmacol. 2003, 466, 1-6. [CrossRef]

Klein, R.; Maisch, B.; Kochsiek, K.; Berg, P.A. Demonstration of organ specific antibodies against heart mitochondria (anti-M7) in
sera from patients with some forms of heart diseases. Clin. Exp. Immunol. 1984, 58, 283-292.

Ansari, A.A.; Neckelmann, N.; Villinger, F.; Leung, P.; Danner, D.J.; Brar, S.S.; Zhao, S.; Gravanis, M.B.; Mayne, A.; Gershwin, M.E.
Epitope mapping of the branched chain alpha-ketoacid dehydrogenase dihydrolipoyl transacylase (BCKD-E2) protein that reacts
with sera from patients with idiopathic dilated cardiomyopathy. J. Immunol. 1994, 153, 4754-4765. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/0002-8703(89)90410-9
https://doi.org/10.1016/S0014-2999(03)01431-6
https://doi.org/10.4049/jimmunol.153.10.4754

	Introduction 
	Acute Myocarditis and Chronic Inflammatory Cardiomyopathy: A General Overview 
	Definition, Diagnostic Approach, and Treatment 
	Biomarkers 

	Specific Forms of Myocarditis 
	Infectious Myocarditis 
	Definition, Diagnostic Approach, and Treatment 
	Biomarkers 

	COVID-19 and Post-Vaccination Associated Myocarditis 
	Definition, Diagnostic Approach, and Treatment 
	Biomarkers 

	Sarcoidotic Myocarditis 
	Definition, Diagnostic Approach, and Treatment 
	Biomarkers 

	Giant Cell Myocarditis 
	Definition, Diagnostic Approach, and Treatment 
	Biomarkers 

	Eosinophilic Myocarditis 
	Definition, Diagnostic Approach, and Treatment 
	Biomarkers 

	Check Point Inhibitors Myocarditis 
	Definition, Diagnostic Approach, and Treatment 
	Biomarkers 


	Future Perspectives and Research 
	Liquid Biopsy 
	Micro-RNA 
	Circulating Cell-Free DNA 

	Soluble ST2 Receptors 
	Galectin-3 
	Molecular Inflammation Imaging Using PET 
	Cardiac Autoantibodies (aabs) 

	Gaps in Evidence and Conclusions 
	References

