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Abstract in German

Einleitung

Die Kardio-MRT und die Endomyokardbiopsie repréisentieren derzeit den nichtinvasiven
und den invasiven Goldstandard in der Myokarditis-Diagnostik. Ziel der Hauptanalyse war
es, die diagnostische Ubereinstimmung beider Verfahren in der Myokarditis-Diagnostik zu
analysieren. In der Subanalyse untersuchten wir, ob die Durchfiihrung der
Endomyokardbiopsie vor der Kardio-MRT zu vermehrten falsch positiven Myokarditis-
Diagnosen fiihrt.

Methoden

Wir fiihrten eine retrospektive Datenanalyse durch. In die Hauptanalyse wurden 166
Patient"innen inkludiert, die zwischen 2008 und 2020 innerhalb eines Zeitraumes von max.
30 Tagen an unserer Universititsklinik Biopsie und MRT erhielten. Fiir die Subanalyse
wurden 147 Patient”innen eingeschlossen, bei denen innerhalb eines Zeitraums von max.
14 Tagen beide Untersuchungen durchgefiihrt wurden. Unsere Patient innen wurden in die
zwei Gruppen ,Biopsie vor MRT* und ,MRT vor Biopsie‘ eingeteilt. Wir verglichen die
Gruppen hinsichtlich des Auftretens der Lake-Louise-Myokarditis-Kriterien und der
Myokarditis-Diagnosen in der MRT und berechneten den positiven pradiktiven Wert
(PPV) und den negativen pradiktiven Wert (NPV) fiir die MRT bezogen auf diagnostizierte
Myokarditiden in der Biopsie.

Ergebnisse

In unserer Hauptanalyse wurde bei 119 (72 %) Patient”innen eine Myokarditis in der
Biopsie oder in der MRT diagnostiziert. In den MRT-Befunden wurde bei 61 (37%)
Patient"innen eine Myokarditis diagnostiziert, in den Biopsie-Befunden bei 101 (61 %)
Patient"innen eine inflammatorische Kardiomyopathie. Bei 90 (54%) Patienten fand
hinsichtlich der Fragestellung, ob eine Myokarditis vorhanden ist eine iibereinstimmende
Diagnosestellung in Biopsie und MRT statt. In unserer Subanalyse war beim Vergleich der
Gruppen ,Biopsie vor MRT* (n=55) und ,MRT vor Biopsie‘ (n=92) die Haufigkeit des
entdeckten nicht-ischdmischen LGE (60,0% versus 73,9%, p=0,078) und der
Myokardodeme (16,4% vs. 24,4%, p=0,249) nicht signifikant unterschiedlich. In der
Gruppe ,Biopsie vor MRT* wurden 92% der Fille mit MRT-Diagnose Myokarditis in der

Biopsie libereinstimmend als Myokarditis diagnostiziert, mit einem NPV und PPV von

v



42,9% und 92,3%. Im Gegensatz dazu wurden in der Gruppe ,MRT vor Biopsie‘ nur 60 %
der MRT-diagnostizierten Myokarditiden in der Biopsie {ibereinstimmend diagnostiziert

mit einem NPV und PPV von 42,3% und 60,0%.

Conclusio

Wir stellten eine moderate Ubereinstimmung von MRT und Endomyokardbiopsie in der
Myokarditis-Diagnostik fest. Die Durchfiihrung der Endomyokardbiopsie vor der MRT
fithrte weder zu einer erhohten Inzidenz von nicht-ischdmischem Late-Gadolinium-
Enhancement und Myokardédemen noch zu vermehrten falsch-positiven Myokarditis-

Diagnosen.



Abstract in English

Introduction

Cardiac MRI and endomyocardial biopsy represent the current noninvasive and invasive
gold standard of myocarditis-diagnosis. We aimed to investigate the diagnostic
concordance of endomyocardial biopsy and cardiac MRI in the diagnosis of myocarditis.
In the sub analysis, we investigated whether performing endomyocardial biopsy prior to

cardiac MRI leads to an increased number of false-positive myocarditis diagnoses.

Methods

We performed a retrospective data analysis. One hundred sixty-six patients were included
in our main analysis who received biopsy and MRI in a time frame of 30 days between
2008 and 2020 at our university clinic. For the sub analysis we included 147 patients who
received both investigations within 14 days. The patients were divided into the groups
'biopsy before MRI' and 'MRI before biopsy'. We compared the groups regarding the
occurrence of Lake Louise myocarditis criteria and MRI myocarditis diagnoses and
calculated the positive predictive value (PPV) and negative predictive value (NPV) for the

MRI with biopsy-confirmed myocarditis as a reference.

Results

In our main analysis 119 (72%) patients were diagnosed with myocarditis in either biopsy
or MRI. In the MRI reports, 61 (37%) patients were diagnosed with myocarditis, compared
to 101 (61%) inflammatory cardiomyopathy diagnoses in EMB reports. In 90 (54%)
patients, a concordant diagnosis was made in biopsy and MRI with regard to the question
of whether myocarditis was present or absent. Comparing groups in our sub analysis,
frequency of detected non-ischemic LGE (60.0% versus 73.9%, p=0.078) and edema
(16.4% vs. 24.4%, p=0.249) was not significantly different. In group ‘biopsy before MRI’
(n=55), 92% of MRI-suspected myocarditis cases were concordantly diagnosed with
myocarditis in their biopsy reports with a NPV and PPV of 42.9% and 92.3%. In contrast,
in group ‘MRI before biopsy’ (n=92) only 60% of MRI-suspected myocarditis cases were
concordantly diagnosed in their biopsy reports with a NPV and PPV of 42.3% and 60.0%.

VI



Conclusion

We found moderate concordance of MRI and endomyocardial biopsy in the diagnosis of
myocarditis. Performing endomyocardial biopsy prior to cardiac MRI did neither result in
increased incidences of nonischemic late gadolinium enhancement or myocardial edema,

nor did it result in an increase of false-positive diagnoses of myocarditis in MRI.
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1 Introduction

1.1 Definition of myocarditis

Myocarditis is an inflammatory disease of the muscular portion of the heart diagnosed by
established histological, immunological and immunohistochemical criteria (WHO/ISFC
definition). (1) It is a widely underdiagnosed cause of acute heart failure (HF), dilated
cardiomyopathy (DCM) and sudden cardiac death (SCD). (2)

Inflammatory cardiomyopathy (iCMP) is defined as myocarditis in association with
cardiac dysfunction (WHO/IFSC definition). (1) In the last three years, cardiac
inflammation has become a well-recognized complication of ‘severe acute respiratory

syndrome coronavirus 2’ (SARS-CoV-2) infection and of SARS-CoV-2 vaccination. (3)

1.2 Epidemiology of myocarditis

Myocarditis is a cardiac condition affecting relatively young patients with the median age
of onset ranging between 30 and 45 years. (4,5) The disease is a common cause of SCD in
young people causing approximately 2% of infant’s, 5% of childhood’s, and 10 to 20% of
young adult’s SCD. (6-8)

The ‘Global Burden of Disease’ study determined a myocarditis incidence of 22 per
100,000 persons worldwide with a prevalence estimated at 9.1 per 100,000 persons. This
data is based on hospital dismissal diagnosis codes from 1990 to 2013. The incidence can
be extrapolated to approximately 1.5 million cases in the 2013 world population. (9,10)
However, the accuracy of this data seems to be limited because there was no differentiation
between acute myocarditis (AM), chronic iCMP and other forms of cardiomyopathy
(CMP) in the study. Furthermore, collected data was derived from hospital dismissal codes
and mild myocarditis cases without hospital admission were not included. Nevertheless,

the data originating from this study is among the most cited in recent literature.



Within the last years, several studies investigated how the epidemiology of myocarditis
differs between the sexes. The prevalence of myocarditis shows a female to male ratio

between 1:1.5 and 1:1.7. (11)

Although still being ranked low on the list of differential diagnosis for many doctors, AM
was the second most common cardiac cause of chest pain amongst patients presenting to
the emergency department in a French registry in 2018. (12) A study conducted by
Pasupathy et al. found around one third of patients initially suspected as myocardial

infarction with non-obstructed coronary arteries are later diagnosed as AM. (13)

Finding sound epidemiological data on myocarditis is difficult as there are confounders
related to the availability and quality of surveillance, as well as limitations to establishing a
diagnosis of cardiac inflammation. (14) Moreover, the disease is heterogenous in etiology,
clinical presentation, severity, and temporal dynamics. An additional factor limiting access

to valid in-vivo data is the fact that many studies generate their data from autopsies.

1.3 Etiology of myocarditis

A variety of factors with the ability to cause myocarditis have been identified. There are
exogenous infectious pathogens such as viruses and bacteria, exogenous non-infectious
pathogens such as toxic substances and drugs, and systemic immune-mediated diseases.
(15,16) The incidence and etiology of myocarditis are extremely variable depending on the
geographic area. In developed countries like the United States (US) and Europe, viral
infections are considered the most common cause, while in Latin America Chagas disease
is seen as the leading cause. Chagas disease is caused by the protozoan parasite
Trypanosoma cruzi and shows a markedly higher prevalence in Latin America compared to
other continents (4,17). It presents the most common cause of non-ischemic CMP in that
area. (18) To this day, data for many other parts of the world are still scarce. (19)
Unfortunately, the specific etiology of myocarditis remains unknown frequently
throughout the diagnostic process. In these ambiguous cases, an inappropriate autoimmune
reaction potentially triggered by pathogens on the basis of multifactorial pre-disposition

(e.g., genetic, environmental circumstances) may be assumed.



1.3.1 Viral etiology

Myocarditis can develop until weeks after the primary viral infection. Table 1 presents an

overview of the most common viral agents associated with myocarditis and iCMP.

Additionally, their respective tropism and their attributed virulence are shown. (16)

Table 1: Viruses associated with myocardial inflammation.

cardiotoxic (?)

SARS, SARS-CoV-2)

viral tropism virus viral virulence

genome

Cardiotropic Adenoviruses dsDNA virulent

Enteroviruses
(Coxsackieviruses, () ssRNA | virulent
Echoviruses)

Vasculotropic | PVB19 ssDNA Bystander: latent; low viral
DNA copy numbers in cardiac
tissue; with or without cardiac
inflammation
Virulent: high viral DNA copy
numbers in cardiac tissue
(>500 DNA copies per
microgram cardiac DNA) with
cardiac inflammation or
systemic infection

Lymphotropic | Cytomegalovirus dsDNA Bystander: latent, low DNA

(CMV); Epstein—Barr copy numbers in cardiac tissue,
virus (EBV); human with or without cardiac
herpesvirus 6 (HHV6) inflammation
Virulent: high cardiac DNA
copy numbers, with cardiac
inflammation
Cardiotoxic Hepatitis C; human (+) ssRNA | Virulent: cardiac inflammation
immunodeficiency virus with viraemia
(HIV); Influenza viruses
ACE2-tropic; | Coronaviruses (MERS, | (+) ssRNA | Virulent: cardiac inflammation

with viraemia

Based on Tschépe C et al., 2021. (16)




When analyzing detected viruses in EMB samples, it is important to differentiate between
virus-associated and virus-induced inflammation. As shown in Table 1, PVB19 and
lymphotropic viruses are suspected to have a bystander role when they are prevalent in low
copy numbers, whether cardiac inflammation is present or not. In case of these viruses
being present in high copy numbers with coexistent inflammation they should be

considered as virulent and therefore a possible cause of an ongoing inflammatory process.

(16)

The proportion of detected viruses in EMB samples has shifted within the last decades.
While in the late 1990s there was a shift from Cocksackie-B-viruses to Adenoviruses,
mainly Parvovirus B19 and other viruses have been found since the mid-2000s. (20-22)
The Marburg Myocarditis Registry, one of the biggest EMB registries to date, analyzed the
etiology of 1098 patients with suspected inflammatory DCM and/or myocarditis and found
Parvovirus B19 to be by far the most common detected pathogen in EMB. It was detected
in 28% of patients. (23)

Obtaining a travel history is important as travel-acquired viral infections such as

Dengue and Zika virus have been associated with myocarditis. In case of
immunosuppressive therapy, the differential diagnosis should be broadened and certain
pathogens such as EBV, CMV and fungi that are typically responsible for a relatively low

number of cases in the immunocompetent patient may need to be considered. (24)

1.3.1.1 Non-viral infectious etiology

Besides viruses, there are many other pathogens capable of causing myocarditis. Among
them are bacteria, protozoa, and fungi. Considering the myriad of possible pathogens, only

a selection is presented here.

Bacterial infection with Borrelia burgdorferi, transmitted by tick bite, can lead to Lyme
disease with possible cardiac involvement. In Europe and the US cardiac involvement is
reported in 1-2% of Lyme disease patients. (25-27) Lyme disease has an endemic
occurrence with distribution reported mainly in Scandinavia, Central Europe (especially

Germany, Austria, Slovenia), upper mid-west and northeastern USA and some parts of



Asia. (28,29) Lyme carditis typically presents with atrioventricular conduction
abnormalities in the electrocardiogram (ECG). (20,30)

Another bacterium associated with myocarditis is Corynebacterium diphtheriae, leading to
almost 50 cases of myocarditis per 100 million persons per year worldwide. The diphtheria
associated myocarditis incidence is much higher in countries of the former soviet union.
(2,31) Moreover, fungal pathogens are also known to have the ability to cause myocardial
inflammation especially in immunocompromised patients. The most common causes of
fungal myocarditis are Candida albicans, followed by Aspergillus and Cryptococcus

Neoformans. (32)

1.3.2 Non-infectious etiology

There are various non-infectious triggers of myocarditis including toxic substances and
drugs, allergic/hypersensitivity reactions, autoimmune phenomena and systemic immune-

mediated diseases. (15,24)

Substances and drugs

A detailed drug history including prescription, over the counter and recreational drug use
and the recent vaccination history are critical. Numerous drugs have been linked to toxic
myocarditis for example catecholamines and chemotherapy. Exemplary recreational drugs
known to cause myocardial inflammation are amphetamines and cocaine. (24) Immune
checkpoint inhibitors (ICIs) revolutionized the cancer treatment for many forms of cancer
like malignant melanoma and non-small cell lung cancer (NSCLC). They are monoclonal
antibodies directed against specific T-cell receptors. ICIs abolish the inhibitory effect of T
cell receptors on the cytotoxic T cell immune response, thereby activating T cells to fight
tumor cells. Antibodies currently approved as drugs include the following receptors:
Programmed death 1 (PD-1), cytotoxic T-Lymphocyte-associated protein 4 (CTLA-4), PD-
1 ligand and lymphocyte activating gene 3 (LAG-3). Therapeutic responses are improved
by combining those agents. Unfortunately, the ICIs also interrupt immunological T-cell
self-tolerance manifesting as autoimmune-like events with variable organ involvement. ICI
myocarditis is an infrequent manifestation, which shows variable clinical presentation with
the potential for severe cardiac inflammation with fatal outcome. (33,34) Due to the

widespread use in our aging population ICI myocarditis might be one of the leading causes



of AM in the near future. Moreover, bites (e.g. snakes and spiders) and stings (for example

scorpion stings (35), giant hornet stings (36) have been reported to cause myocarditis. (24)

Allergic/hypersensitivity reactions

Drugs can not only cause toxic myocarditis, but also allergic/hypersensitivity myocarditis.
Antibiotics, antipsychotics and some anticonvulsants are a few of the numerous identified
examples. (2,20) Furthermore, several vaccines against different diseases are linked to this
subtype including vaccines against hepatitis B, meningococcal C, smallpox and COVID-19

vaccines. (37-39)

Systemic immune-mediated diseases

About 7% of patients with diagnosed myocarditis have an associated autoimmune disease
and these conditions may need additional therapy. Examples for systemic immune-
mediated diseases associated with myocarditis are systemic lupus erythematosus (SLE),
granulomatosis with polyangiitis, sarcoidosis, psoriasis and systemic hypereosinophilic
syndromes. (24) Sarcoidosis is a granulomatous multisystem disease and can be present

predominantly with cardiac manifestation in about 5% of sarcoidosis-patients. (24,40,41)

(Auto-)immune phenomena

The role of autoimmunity in myocarditis is extensively investigated and established,
although many questions remain unanswered. Autoantibodies specific for the heart are
present in around 60% of patients with myocarditis and their relatives. (16,40,42,43) There
are many cardiac epitopes which are recognized by autoantibodies, particularly B-myosin
heavy chain epitopes also known as myosin 7 (MYH 7) and alpha-myosin heavy chain
epitopes known as myosin 6 (MYH 6). (16,44) Some of these antibodies seem to have
direct pathogenic and prognostic role in myocarditis. (16,45,46)

In animal models the passive transfer of antibodies purified from rats previously
immunized with cardiac myosin leads to myocyte apoptosis and development of CMP in
recipients. (16,47) Whether cell-mediated and antibody-mediated autoimmune forms of
1CMP both exist in humans is still unclear at the current state of research. In animal models

both forms have already been established. (16)

Gil-Cruz et al. showed that myocarditis patients have significantly elevated IgG antibodies

against the bacterium Bacteroides thetaiotaomicron (B. theta.) compared to healthy



individuals. B. theta. is a ubiquitous human gut symbiont thought to play an important role
in the maintenance of the host’s health. (48) A significant correlation was found between
immune reactivity to B. theta. peptides and reactivity with MYH6 in a subgroup of patients
with specific human leukocyte antigen (HLA)-DQA1/B1 combinations. Their findings
indicate a cross-reactivity between both antigens with a potential for fatal myocardial
disease progression. This cross reactivity might lead to an exacerbation of myocardial
damage (virus induced or induced by myocardial infarction) as CD4" T-cells primed in the

gut enter the myocardium and cross-react with heart antigens. (49)

1.4 Classification of myocarditis

Options of classifying myocarditis include classification by temporal (acute and chronic),
causal, clinical, clinicopathological, histological and immunohistological criteria. (2) Due
to the complexity of myocarditis, there is not one exclusively used classification. An
important and established classification is the histological classification. It differentiates
predominant infiltrating cell types in EMB samples. In the histological classification, the
classification is usually made into the following subgroups: Cardiac sarcoidosis,
lymphocytic, eosinophilic, giant cell, neutrophilic, and other granulomatous myocarditis.

(50)

1.4.1 Histological classification

Lymphocytic myocarditis

Lymphocytic myocarditis (LM) is the most common histological subtype and may be
associated with viral infection even when no viral agents can be identified in the analysis.
Alternatively, it can occur as cardiac manifestation of a systemic immune-mediated disease
or as a primary autoimmune condition. The inflammatory infiltrate consists of
mononuclear cells with dominance of T Lymphocytes and a variable number of
macrophages. The presence of neutrophil granulocytes depends on the degree of myocyte
damage. A few eosinophil granulocytes and plasma cells are typically also present.
However, if these present the dominant cell component another subtype of myocarditis

should be considered. (20,51)



Eosinophilic myocarditis

Eosinophilic myocarditis represents a rare type of myocarditis. Possible causes include
hypersensitivity reactions, malignancies, idiopathic hypereosinophilic syndrome, drugs,
vaccines, and parasitic infections. Depending on the underlying disease, eosinophils can be
the major inflammatory stimulus or be part of a complex cellular infiltrate with other cell
types. Clinical suspicion of this subtype and performance of EMB are crucial to detect

eosinophilic myocarditis and start early immunosuppressive treatment. (50,52)

Giant cell myocarditis

Giant cell myocarditis (GCM) is a severe type of myocarditis and is of autoimmune nature.
A mixed cellular infiltrate is generally found containing multinucleated giant cells, which
are macrophage derived. GCM is frequently fulminant in clinical presentation and

associated with poor outcome. (50,53,54)

Neutrophilic myocarditis

This subtype of myocarditis is rare and typical for bacterial myocarditis which is observed
mainly in immunocompromised patients. The neutrophils can be distributed in a patchy
pattern or in micro-abscesses. Significant myocyte damage is common. Neutrophilic
myocarditis can develop during fulminant bacterial pneumonia or sometimes within the
scope of bacterial endocarditis. Some rare infections like tuberculosis, Lyme disease and

Whipple-disease can present with special forms of neutrophilic myocarditis. (50,55)

Cardiac sarcoidosis

Sarcoidosis is a condition with largely unknown etiology and can occur as a multi-organ
disease but also as isolated cardiac sarcoidosis. Clinically, sarcoidosis is difficult to detect
and frequently missed. (56) The histological findings are similar to the findings of
extracardiac sarcoid manifestations consisting of epithelioid, non-necrotizing granulomas.
In most cases these are accompanied by giant cells. Foci of LM in absence of granulomas
are not an uncommon finding in this subtype. This can lead to a misdiagnosis of LM, if due
to the sampling error no granulomas are found in the obtained biopsy samples. (57,58)
Therefore, integrative diagnosis is important for this entity (clinical features, pulmonary

involvement, imaging like PET, MRI).



Other granulomatous myocarditis

There are other granulomatous forms of myocarditis aside from cardiac sarcoidosis.
Possible causes are infections with pathogens such as tuberculosis and other mycobacteria,
parasites, and fungi. Though histological features such as caseating necrosis can help in the
differentiation, specific staining should always be performed additonally. Two examples
for recommended staining methods are Ziehl-Neelsen staining for tuberculosis and Giemsa

staining for parasitic infections. (50)

Histological variants difficult to classify
Lympho-histiocytic myocarditis, myocarditis with vasculitis and microvascular
inflammation and toxic myocarditis are three variants that cannot be categorized in the

categories above and therefore have a separate standing. (50)

1.5 Signs and symptoms of myocarditis

The clinical presentation of myocarditis is heterogeneous, ranging from completely
asymptomatic patients to heart failure presentations to acute coronary syndrome like
presentations. Myocarditis has the ability to mimic other diseases, making a clear
differentiation from those diseases challenging. (50) However, the most typical symptoms
at presentation include dyspnea, chest pain, fatigue, syncope, palpitations, cardiogenic
shock and SCD. (16,59) Ammirati et al. found chest pain to be the most common symptom
occurring in up to 95% of cases. (4) In the weeks before the acute phase, 80% of patients
experience prodromal symptoms like fever, upper respiratory symptoms or gastrointestinal
disorders. (60) Subclinical forms of myocarditis mostly remain undiagnosed with the

potential for delayed complications.

Features suggestive of an autoimmune cause include a history of specific symptoms like
fevers, musculoskeletal symptoms, fatigue, lymphadenopathy, hair loss, exanthema,
mucosal ulceration, neuropathic pain, ocular manifestations (e.g., uveitis), bowel habit
alterations, peripheral blood eosinophilia, impaired kidney function or a possible family
history of an autoimmune disease. Sarcoidosis may present with several of the features
listed above but can also be completely asymptomatic. When considering a diagnosis of

sarcoidosis, extra-cardiac symptoms include respiratory manifestations like cough and



dyspnea, erythema nodosum and bilateral hilar adenopathy. However, these signs are non-

specific for sarcoidosis and can occur in the course of other diseases. (24)

1.6 Diagnosis of myocarditis

In a patient with signs and symptoms suggestive of AM further investigations will be
guided primarily by the patient’s history, physical examination and first-line test results,

such as blood test results, ECG and echocardiography findings. (24)

A differential diagnosis of coronary artery disease (CAD) should be considered and ruled
out in most patients presenting with suspected AM. Depending on the CAD pretest
probability there is a non-invasive option with computed tomography coronary
angiography and an invasive option with invasive coronary angiogram. Furthermore, CAD
can be assessed indirectly by ruling out myocardial infarction in cardiac magnetic
resonance imaging (CMR) showing the absence of an ischemic subendocardial or

transmural pattern of late gadolinium enhancement (LGE). (24)

1.6.1 ECG

The performance of an ECG is part of the first line testing. Abnormalities are observed
frequently in myocarditis patients and therefore the ECG is widely used as a screening
instrument and as a tool for risk stratification because of its prognostic relevance. The 2013
European Society of Cardiology (ESC) Guidelines recommend the performance of an ECG
in all patients with clinically suspected myocarditis. (43) However, the observable changes
in myocarditis are non-specific and hence the diagnosis can never be based solely upon
ECG abnormalities.

Typical ECG-changes include T-wave and ST-segment changes, atrial and ventricular
conduction delays, arrhythmias, and Q-waves. ST-segment changes caused by myocarditis

can mimic ST-segment changes seen in myocardial infarction. (51,61)
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1.6.2 Serological markers

Routinely Recommended by the ESC-Guidelines

Inflammatory markers c-reactive protein (CRP) and erythrocyte sedimentation rate (ESR)
are typically elevated in myocarditis and in pericarditis, but they are non-specific. Markers
for myocardial cell damage include cardiac troponins and creatin kinase-MB. Troponins
are more sensitive in comparison, but they are also non-specific for myocarditis.
Furthermore, normal troponin values cannot exclude the presence of myocarditis. (43,62)

The correlation between troponin levels and cardiac dysfunction has been shown to be

rather weak. (63)

The absence of viral genomes during EMB analysis raises suspicion of an immune
mediated myocarditis/DCM. Hence detectable IgG autoantibodies can serve as biomarkers
for patients who might benefit from immunosuppression. Some autoantibodies have been
identified as negative predictors in DCM and myocarditis for example Anti-Betal-AR and
Anti-Alpha-MHC. The ESC recommends autoantibody-testing, if at least one of the
published, recommended tests is available. Preferably only disease specific autoantibodies

should be assessed. (43,64)

Not routinely recommended by the ESC Guidelines

Viral serology seems to be of limited use, mainly because circulating IgG antibodies are
highly prevalent in the general population without concomitant cardiac inflammation in
most of these people. In a recent study performed by Mahfoud et al., there was no
correlation found between virological analysis in EMB samples and viral serology. (65)
Only 4% of patients had serological evidence of the same viral infection that was detected
in their EMB via polymerase chain reaction (PCR) examination. Some special indications
where serological testing seems to be conceivable are rickettsial phase 1 and phase 2,

Lyme disease, suspected hepatitis C and HIV in high risk patients. (43)

Other relevant markers
N-terminal pro-B-type natriuretic peptide (NT-proBNP) is a serological marker for heart
failure and can be elevated in myocarditis patients. Similar to the cell damage markers

discussed earlier, negative findings do not exclude the suspected diagnosis of myocarditis.
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Soluble suppression of tumorgenesis-2 (sST2) is a biomarker to predict the risk of HF in
men. Men under the age of 50 years with diagnosed myocarditis or clinically suspected
myocarditis have a higher risk of developing more severe heart failure if sST2 serum
levels are elevated. (16,66) Furthermore, SIO0A8-S100A9 is a heterodimer acting as a
good marker for disease activity in patients with recent onset myocarditis. (16,67) In 2021
Blanco Dominguez et al found the microRNA mmu-miR-721, which is synthesized by
Th17 cells, to be present in mice with acute viral or autoimmune myocarditis, while not
being present in mice with myocardial infarction. The human microRNA equivalent is hsa-
miR-Chr8:96 and has been evaluated in four independent patient cohorts with AM. The
marker did show promising results in distinguishing the myocarditis patients from
myocardial infarction patients but further evaluation will be necessary before the marker

can be recommended for routine clinical practice. (68)

1.6.3 Echocardiography

Transthoracic Echocardiography (TTE) is considered the first line imaging tool for cardiac

evaluation in suspected myocarditis. (69)

TTE helps to rule out certain differential diagnoses of non-inflammatory cardiac diseases,
mainly CMPs like hypertrophic CMP and valvular heart disease. Intriguingly, myocarditis
can mimic DCM, hypertrophic and restrictive CMP by presenting with echocardiographic
features that are also found in those diseases. (43,70) On the other hand, there are often
overlaps of CMP and myocarditis with CMPs presenting with additional/concomitant

inflammation.

Risk stratification of patients with suspected or diagnosed myocarditis is usually performed
according to left ventricular ejection fraction (LVEF). The TTE serves as the gatekeeper to
further diagnostic and therapeutic steps. There are no TTE abnormalities specific for
myocarditis. However, regional wall motion abnormalities, global ventricular dysfunction
and diastolic dysfunction with normal LVEF are frequently observed.

In the last years, myocardial strain analysis by two-dimensional speckle tracking
echocardiography emerged as a diagnostic and prognostic tool. Legstrup et al. found

longitudinal strain to be significantly correlated with the degree of edema detected by
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CMR in patients with myocarditis. (69,71) However, some forms of myocarditis like ICI
myocarditis can present with no or only subtle TTE abnormalities in early stages of the

disease.

1.6.4 Cardiac MRI

CMR has been declared the noninvasive gold standard for diagnosis of myocarditis in the
former ESC heart failure guidelines (Class 1 recommendation, level of evidence C).
(16,72) In the current guidelines from 2021 use of CMR is recommend in patients with
suspected myocarditis in the following scenarios:
e at baseline in all patients with clinical history + ECG, elevated troponin or
echocardiographic abnormalities when CAD is unlikely or excluded.
e at follow-up in patients with persistent dysfunction at echocardiographic

evaluation, persistent arrhythmias or ECG abnormalities. (73)

However, use is not recommended for patients in critical condition or patients with
contraindications. A gadolinium-free approach combining T1 mapping with T2 based

sequences may be useful for patients where the use of contrast agents is not possible. (74)

The CMR diagnosis of myocarditis is based on the detection of inflammatory changes in
the myocardium. In 2009 the original Lake Louise Criteria (LLC) were published. (75) In
the setting of clinically suspected myocarditis CMR-findings were considered as

consistent with myocardial inflammation if at least two out of three criteria are present:

1. Regional or global signal intensity increase in T2-weighted sequences
2. Increased global early gadolinium enhancement (EGE) ratio between myocardium
and skeletal muscle

3. At least one focal lesion with non-ischemic LGE
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The LLC were revised in 2018. (74) In the updated criteria, strong evidence for acute
myocardial inflammation is defined as at least one positive marker in each of the two main
criteria:

1. Evidence of myocardial edema in T2-mapping or T2-weighted sequences

2. Evidence of myocardial injury in T1 mapping, calculated extracellular volume

(ECV) or LGE

If only one of the two criteria shows a positive marker a diagnosis of myocarditis can still
be assumed in the appropriate clinical setting. However, with less specificity compared to a
positive marker in both categories. Supportive diagnostic criteria include signs of

pericarditis and systolic left ventricular dysfunction.

The revised LLC have higher diagnostic sensitivity compared to the original criteria with
87.5% vs 72.5%. Specificity remains high at 96.2%. The improvement in sensitivity seems

to be achieved mainly by using T1 and T2 mapping techniques. (76)

Myocardial edema in CMR sequences correlates with increased permeability of cell
membranes and is hence considered a hallmark of cell injury caused by an inflammatory
process. Initial membrane injury leads to intracellular edema through natrium influx, while
more severe injury leads to efflux of water and larger molecules like troponin. Edematous
regions present as high intensity regions in T2-weighted sequences. The edema can be
focal or generalized, the latter is optimally detected via increased T2 times in T2 mapping.
Conventional T2 weighted sequences can detect focal edema but are limited in the
detection of diffuse/generalized edema. Therefore, skeletal muscle (e.g., serratus anterior
muscle) can be used as an internal reference value and is compared to myocardial signal
intensity. A ratio of myocardium to skeletal muscle of >2 indicates myocardial edema. (75)
Regional edema is detectable in 36% of patients with active myocarditis according to
histological Dallas criteria but not at all in patients with histological borderline
myocarditis. (77) Therefore edema is considered to have low sensitivity in patients with

lower grade inflammation.
LGE indicates increased extracellular accumulation of gadolinium contrast medium in the

myocardium. Using an inversion recovery sequence, areas with increased accumulation of

gadolinium are highlighted as bright regions in the myocardium. LGE generally indicates

14



irreversible necrosis and fibrosis of myocardial tissue. However, in the acute setting
detectable LGE does not equate to irreversible fibrosis in all cases. Aquaro et al. postulated
that LGE without concomitant edema could represent definite fibrosis, whereas the
presence of concomitant edema indicates a chance of recovery. (78) The distribution
pattern of LGE provides clues to the underlying pathology. Typically, non-ischemic and
ischemic distribution patterns of LGE are distinguished. The non-ischemic LGE which is
seen in patients with active myocarditis typically shows subepicardial distribution with
variable extent through the ventricular wall. It is commonly localized in inferolateral and
less frequently in anteroseptal segments. In comparison, the ischemic distribution pattern
shows subendocardial distribution. (75) LGE plays an important role in the prediction of
hospitalization and occurrence of adverse cardiovascular events in patients with suspected
myocarditis. It is also of prognostic value for myocarditis patients (see chapter 1.8.1).
(16,79-82) De Cobelli et al. found presence of LGE in 84% of patients with active

myocarditis, but only in 44% of patients with borderline myocarditis. (77)

The diagnostic accuracy of CMR in myocarditis diagnosis is linked to the clinical
presentation of the patient. CMR shows the highest sensitivity in infarct-like presentations,
while showing worse sensitivity in cardiomyopathy-like presentations and the worst in
patients presenting with arrhythmic pattern. (83) When solely using abnormalities in signal
intensities, patients that overcame the first few days and progress from an acute form to a
more subacute form of myocarditis, run danger of having false negative results. Another
pitfall is coexisting skeletal muscle inflammation, which can lead to pseudo normalized
reference values in T2 weighted images when calculating myocardium/skeletal muscle

ratios. (74,84,85)

CMR can help avoid invasive procedures like EMB or coronary angiography,
circumnavigating the possible complications of these procedures. Unfortunately, it is still
underused in clinical practice due to limited availability, lack of appropriate training and
lack of awareness of the usefulness in the diagnosis of inflammatory myocardial diseases.
Another factor limiting the current use worldwide is the high cost of acquisition and

maintenance. (86)

Although CMR has many advantages, many patients are dependent on the performance of

EMB. A diagnosis solely based on CMR results is not capable of detecting the underlying
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etiology of the inflammatory process. The specific etiology can on the other hand be
crucial for optimal therapeutic management as special subtypes of myocarditis need
specific treatment. These subtypes requiring specific treatment are eosinophilic, GCM,
toxic myocarditis and cardiac involvement in a systemic immune-mediated disease.
(15,50,51,87,88) Immunosuppressive treatment is a potent therapy for these subtypes, but

the diagnosis needs to be confirmed before it can be safely administered.

Current CMR recommendations are based on the 2018 updated LLC. They are not
including emerging techniques like strain analysis. Strain analysis (radial, circumferential,
and longitudinal strain) allows the evaluation of contractility parameters at the level of
each voxel over the whole cardiac contraction cycle. It can be acquired by using post
processing software on the standard cine MRI images or by using specific MRI sequences
like DENSE or fast-strain-encoded MRI. Currently, techniques are under development that
apply 4D-flow-CMR to assess the kinetic energy in the left ventricle and intraventricular
pressure gradients. The potential role of these techniques for noninvasive myocarditis

diagnosis and monitoring of therapies is yet to be established. (16,89)

1.6.5 Endomyocardial biopsy

EMB aims to obtain cardiac tissue for pathology diagnostics and research and is performed
via cardiac catheterization. It plays a vital role in the diagnosis of inflammation, infection,
neoplasia, storage diseases and for the evaluation of rejection in transplant patients. (90) It
represents the invasive gold standard of current myocarditis diagnosis and allows the
identification of the underlying etiology. (43) Indications for EMB in myocarditis

diagnosis are:

e AM presenting with severe HF or cardiogenic shock (4,59)

e AM complicated by severe myocardial dysfunction, acute HF, ventricular
arrhythmia, or high-degree atrioventricular-block (4)

e AM or suspected iCMP associated with peripheral eosinophilia (4)

e AM or iCMP with persistent or relapsing release of biomarkers of myocardial
necrosis, particularly if associated to an autoimmune disorder or ventricular

arrhythmias or high-degree atrioventricular block (4)
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e Myocarditis in the setting of immune checkpoint inhibitors, where appropriate
diagnosis has implications for patients receiving additional cancer therapy (4,91)
e Chronic iCMP with severe reduction in LVEF to evaluate potential

immunosuppressive therapy

In 1987 the Dallas criteria were published and laid base for the histological diagnosis of
myocarditis. Active myocarditis was defined as the presence of infiltrating inflammatory
mononucleated cells and myocyte necrosis with or without fibrosis at routine light
microscopy evaluation of EMB samples. Borderline myocarditis was defined as an
inflammatory infiltrate in the absence of myocyte necrosis. (92)

Although the Dallas criteria are the foundation for today’s pathology diagnosis criteria,
immunohistochemistry has a higher diagnostic sensitivity and is also of prognostic value
for myocarditis patients. (16,21,93) The Dallas criteria show a high inter-observer-variance
and have limitations in their ability to differentiate between different forms of myocarditis
and interpret chronic and healing stages of those subtypes. (50,94) Furthermore,

noncellular mediated inflammation is not considered at all. (94)

The 2013 ESC guidelines recommend the use of immunohistochemistry for the diagnosis
and for the selection of specific therapeutic regimens. The ESC defines an inflammatory
infiltrate as abnormal in the presence of at least 14 leukocytes/mm? including up to 4
monocytes with the presence of CD3-positive T lymphocytes >7 cells/mm?. (16,43) A
panel of monoclonal and polyclonal antibodies is used for the characterization of the
inflammatory infiltrate including CD3, CD45, CD45R0O, CD4, CD20, CD8, CD68/PGM1.
Relevant markers for immune system activation are HLA-DR and HLA-ABC. (16,95)

The ESC also recommends viral genome analysis via PCR to detect cardiotropic viruses in
LM. Included in current protocols are Adenoviruses, Enteroviruses, CMV, EBV, HSV 1
and 2, HHV6, Influenza A and B, PVB19, and Hepatitis C virus. (50,96) If one of the
stated viruses is detected, the question, whether this virus is indeed the causative agent
remains. Therefore, finding replicating forms of virus genomes should be considered the
gold standard for identifying causative viral agents. (50,97) A negative PCR cannot
exclude a viral origin of the disease. (98—100) In nonviral, infectious forms of myocarditis
the detection of the infectious agent is performed using histology and special staining like

for example Gram and Grocott staining. (50) Beyond virological and
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immunohistochemical analysis, gene expression profiling is recommended to aid with the

diagnosis of cardiac sarcoidosis and GCM. (101)

EMB is performed by using a bioptome and can be performed in both ventricles with left
ventricular biopsy being as safe as right ventricular biopsy. (2,102—104) The most common
location for sampling is the right side of the interventricular septum. Access is achieved
through the femoral veins or through the right internal jugular vein. Left ventricular
sampling is possible via the femoral, brachial, or radial arteries. CMR and voltage-
mapping are helpful tools to guide the interventional cardiologist during the process of

finding the locations most suitable for biopsy sampling. (105)

There is a fine line between the ambitions to reduce the sampling error of EMB and the
efforts to keep the complication rate as low as possible. The sampling error is the most
critical limitation to EMB diagnostic sensitivity, which seems to vary significantly between
the subtypes of myocarditis. It seems to occur due to the patchy distribution of myocardial
inflammation. Sensitivity of EMB is high for GCM (80 to 93%) and other aggressive
forms such as acute necrotizing eosinophilic myocarditis, while it is much lower for LM
(35%) and cardiac sarcoidosis (25%). (50,106—-108) Multiple studies showed the strong
influence of the number of obtained samples on diagnostic sensitivity of EMB. Single,
overall biopsy sensitivity is only at around 20%, while 17 biopsies can increase the
sensitivity to about 80%. Usually 4-5 biopsies are obtained with a combined overall
sensitivity of 50%. (50,109,110) The complication rate of the procedure must not be
neglected. At expert centers the rate is only around 1 to 2 % while in low volume centers it
is up to 8.9 %. (102) Luckily, major complications only arise in less than one in 1000
patients receiving EMB. (111,112) Globally, the usage of EMB in the diagnosis of
myocarditis is scarce (in the UK and in the United States only in 0.7%—3.6% of suspected
myocarditis cases) and seems to be further declining. (113,114) However, in some
countries like Italy, Germany and Austria the procedure is performed significantly more

often.

New technologies like omics technologies (e.g., proteomics, genomics, metabolomics) and
genetic testing are currently under evaluation, but have not yet reached the standard
clinical practice for myocarditis patients. Van Linthout et al. showed that mass

spectrometry evaluating region specific protein profiles allows successful clustering of
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patients in those with and those without cardiac inflammation. (16,115) Genetic
sequencing like next generation sequencing (NGS) allows the detection of further genetic
high-risk variants which will benefit the clinical decision-making process. Furthermore,
NGS will also allow the detection of more, to date still unknown pathogens causing
myocarditis. Moreover, micro-RNA and mRNA profiling as markers for genetic and
epigenetic activity seem promising with a transcriptome-based biomarker showing a 100%
sensitivity and specificity for the detection of myocarditis. This biomarker can safely
differentiate LM from patients with peripartum cardiomyopathy and rheumatic disease.

(16,116)

1.6.6 Nuclear medicine

Nuclear imaging is not routinely recommended in the diagnostic process of myocarditis
due to the limited sensitivity and lack of valid data. However, if CMR is contraindicated or
if patients are under suspicion of having cardiac sarcoidosis, 'F-FDG-PET is a nuclear
imaging method that is very sensitive to metabolically active processes and should be
considered. Furthermore, scintigraphy using Indium-111 labeled antimyosin-antibodies is

an option for detecting intracellular proteins and hence localizing myocardial damage. (69)
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1.7 Therapy of myocarditis

Therapy can be categorized in two categories: Supportive and etiology directed. Optimal
medical treatment for heart failure is the base of the state-of-the-art treatment for all forms
of myocarditis. Specific, etiology directed treatment is evidence-based only for a selected

group of patients.

Figure 1: EMB results and recommended therapy.

Group 1:Inflammation negative Group 2: Inflammation negative Group 3:Inflammation positive Group 4: Inflammation positive
EMB Findings virus negative Virus positive virus negative virus positive

post-myocarditis irall LM, eosinophilic myocarditis, GCM, virus-active mocarditis
differential diagnosis DCM virallatency cardiac sarcoidosis virus associated myocarditis
Standard therapy optimal medical therapy for HF optimal medical therapy for HF optimal medical therapy for HF optimal medical therapy for HF
and risk adjusted therapy and risk adjusted therapy andrisk adjusted therapy and risk adjusted therapy
Antiviral therapy ?: Enteroviruses,
etiology directed therapy . N . herpesviruses, HCV
No aetiology-specific therapy No aetiology-specifictherapy Tailored immunosuppressive
therapyin expert centers
Immunmodulation ?: adenoviruses,
enteroviruses
autoantiboy targeting ? autoantiboy targeting ? Autoantibody targeting ?

IVIG ?: Enteroviruses, B19V
infection with high copy numbersin
cardiac tissue and viraemia

Antiviral+lmmunosuppressive
therapy ?: herpes infection without
viraemia

Immunosuppressive therapy ? :
B19V infection with low DNA copy
numbers without viraemia

Autoantibody targeting ?

Based on Tschope C et al., 2021 (16).

As illustrated in Figure 1 patients can be categorized into four groups based on their EMB
results:

1. Inflammation negative and virus negative

2. Inflammation negative and virus positive
3. Inflammation positive and virus negative
4

Inflammation positive and virus positive.

For the groups 1 and 2 without detected inflammation there is no specific, etiology directed

therapy. Autoantibody targeting might be considered in all groups and works via
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immunoadsorption or via newly developed small molecules called aptamers which can
neutralize specific autoantibodies and could therefore be beneficial for patients in whom
autoimmunity plays a role. Evidence for etiology directed therapy is still weak with
exception of immunosuppressive therapy for group 3. The gaps in current evidence for

some of the treatment options are denoted by question marks in Figure 1. (16)

Myocarditis and exercising

During the recovery process of AM it is crucial for patients to distance from competitive
athletics and intense physical activity for about 3 to 6 months. (19,117) After this period
LVEEF and cardiac dimensions should be reassessed. Patients with normal LVEF, cardiac
dimensions, serum markers for HF and inflammation and no relevant arrhythmias can be
cleared for returning to exercising. (118)

This approach is viewed controversially in the community as there is a lack of valid data
comparing the outcome of patients with a 6-month physical restriction and patients who

are physically restricted dependent on their clinical improvement.

1.7.1 Supportive therapy

Heart failure

Patients with myocarditis and HF should be treated according to ESC/AHA/ACC HF-
Guidelines. The typical regimen consists of beta-blockade, diuretics and angiotensin-
converting enzyme (ACE) inhibitors or angiotensin 2 receptor-blockers (ARBs). An
exception to this combination represents acutely decompensated HF where beta-blockers

should be avoided.

Diuretics may slow the progression to DCM by decreasing volume overload. For patients
with NYHA class II-IV aldosterone antagonists are additionally recommended as they
increase survival and reduce hospital admissions. (19,21) In mouse models ACE-inhibitors
and ARBs reduce fibrosis, necrosis and inflammation in viral and autoimmune
myocarditis. Treatment with an angiotensin receptor-neprilysin-inhibitor (ARNI) is even
more beneficial in the treatment of HF with reduced ejection fraction (HFrEF) compared to
treatment with ACE-inhibitors, which was shown in 2014 by the PARADIGM-HF trial.
(119) Additionally, sodium-glucose co-transporter 2 (SGLT2) inhibitors like dapagliflozin
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or empagliflozin are recommended in combination with optimal medical therapy in

patients with HFrEF regardless of their diabetes status. (73)

A subset of HF patients requires mechanical circulatory support (MCS) and/or inotropic
support. The choice of the MCS mainly depends on local availability and on whether the
left, right, or both ventricles are affected. (120) MCS can be temporary or long-term,
depending mainly on disease progression. Temporary support includes extra corporal
membrane oxygenation (ECMO), Impella devices and intra-aortic balloon pumps (IABP),
while a ventricular assist device (VAD) is a permanent option. Another important factor to
consider when choosing a MCS is the degree of needed circulatory support. The possible
support provided by the Impella device is not as powerful as the support provided by
ECMO. Furthermore, Impella devices lack oxygenation possibility compared to an ECMO.
However, in addition to giving adequate support, left ventricular unloading by Impella
devices exhibits disease-modifying effects important for myocardial recovery as was
shown by Tschope et al. in 2018. (121) The duration of the recovery process with an MCS
device is highly variable ranging from days over weeks to even complete absence of

improvement. (19)

Arrhythmia

Myocarditis patients presenting with ventricular arrhythmia or heart block are a high risk
subgroup. (118,122) It is recommended that these patients are managed according to 2006
ESC/AHA/ACC Guidelines for cardiac implantable electronic devices. (123) If heart block
or bradycardia occur during the acute phase a temporary pacemaker should be installed.
When non-sustained ventricular tachycardia (VT) or sustained VT occur, the use of
amiodaron is recommended during the acute phase. Patients with rhythm disorders who
progress to a chronic phase of myocarditis should be provided with an ICD or a permanent
pacemaker. Similarly, ICD implantation should be evaluated in patients with severe
chronic CMP. In patients with persistent tachyarrhythmia, electrophysiological

examination and ablation should be considered. (19)
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1.7.2 Etiology directed therapy

Merken et al. showed in 2018, that the virus-negative but inflammation positive group (see
Figure 1, group 3) treated with prednisone and azathioprine showed improved cardiac
function compared to the control group. (124) Alternative treatments are a steroid based
treatment in combination with mycophenolate mofetil (125) or cyclosporin (126) or
immunoadsorption with intravenous immune globulins (127,128) or small soluble

molecules that target B1-receptor-autoantibodies. (129)

The group positive for viral genomes and positive for inflammation (see Figure 1, group 4)
is the group where the differentiation between virus-associated and virus-induced active
myocarditis is crucial. In virus-induced myocarditis (e.g., Enterovirus-infection), treatment
with interferon- (IFN-B) can lead to a reduction in viral copy numbers or even to viral
clearance. In virus-associated myocarditis (e.g., latent Herpes- or PVB19-infections), this
effect cannot be observed. (130) Furthermore, a study with a small series of patients
performed by Tschope et al. has shown promising results using Rituximab for CMP with
detected CD20+ lymphocytes in their biopsy samples. (131) Both treatments IFN- and
Rituximab still lack sufficient clinical evidence for a general recommendation.

Moreover, anti-Herpesvirus drugs can be used for the treatment of latent infections of
CMV, EBV and HHV6 and are capable of reducing viral copy numbers. (132) As of today,
there are no available treatment options for PVB19 associated CMP. However, the ESC
consensus has established that no treatment is necessary in case of low PVB19 copy
numbers and no present inflammation. (43) On the contrary, weak evidence exists for
immunosuppressive treatment for low PVB19 DNA copy numbers with concomitant

inflammation (133) and for telbivudine treatment in case of detectable RNA. (134,135)

1.8 Prognosis of myocarditis

Feared complications of myocarditis are the development of DCM and/or HF, occurrence
of adverse cardiovascular events and death. The development of DCM occurs in 14%—-52%
of diagnosed myocarditis cases depending on the source of data. (136,137) The progression
may take years, which makes the understanding of the process difficult and the

development of new treatment strategies challenging. (138) Recently performed studies
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showed that myocardial acute response, which could determine the prognosis and
the evolution into DCM, seems to be influenced by sex hormones with the overall

myocarditis prognosis being worse for women. (139,140)

Figure 2: Possible courses of AM.
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Reproduced with permission (OXFORD UNIVERSITY PRESS) from Caforio et al., 2013 (43).

Figure 2 shows the variable outcomes after AM. Over the last decade, diagnosing AM has
become more frequent than before, likely due to the establishment of high-sensitive
troponins and CMR imaging. Therefore the proportion of diagnosed uncomplicated
myocarditis cases has increased resulting in an overall improved outcome of myocarditis
compared to prior decades. (60) The data regarding the frequency of complications are
inconsistent. Two of the largest and well-known studies regarding the subject included
their patients based on data derived from different diagnostic investigations and came to
highly differing results. The first study from 2012 included 222 patients with viral AM
diagnosed via EMB and registered a rate of 15% of patients requiring heart transplantation
or dying within 5 years. (141) The second study from 2015 included 205 patients, this time
diagnosed via CMR. A death rate of 0% over 19 months was registered among patients.
(142) The more recent 2018 Multicenter Lombardy Registry by Ammirati et al. yielded
cardiac death and HTX rates of 3.2% during the hospitalization period and a 4.1% rate at
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5-year follow-up. (60) Comparable data was collected by Arola et al. in Finnish children
with myocarditis. (143)

1.8.1 Prognostic factors

Clinical presentation

Presentation with symptoms of chest pain and a NYHA class I-II is linked to favorable
outcome (21,144,145), while presentation with HF at baseline, NYHA class III-IV, acute
kidney injury, sustained ventricular arrhythmias and high SOFA, SAPS Il and APACHE

IV admission scores are all linked to unfavorable outcome. (141,145—-150)

ECG

Poor prognosis is associated with Q waves, ventricular ectopic beats, widened QRS
complexes >120 milliseconds (ms) and abnormal QRS-axis. (145,151) A QRS-T-angle
>100° is an independent marker for high risk of HF and death. (145,152) Furthermore,
QTc prolongation >440 ms is a negative prognostic marker as a possible arrhythmogenic
trigger. (51,145) If no ECG abnormalities are present or if ST-elevation with a pericarditis
pattern is visible the associated prognosis is favorable. (144,145,152) ST-elevation with a
pericarditis pattern is defined as upward, concave J-point elevation. QRS notching or

slurring might be present or absent. (145,152)

Blood biomarkers

Troponin and NT-proBNP values are also of prognostic value. An early increase of
troponin and a fast decline are linked to good outcome, while recurrently abnormal or
persistently abnormal levels are linked to poor outcome. (145,153) It was recently elicited
that elevated NT-proBNP levels >4245 pg/ml and low levels associated with increased
troponin are of poor prognostic value. (145,154,155)

Echocardiography

The role of Echocardiography for prognostic evaluation is crucial. Negative prognostic
factors are: increased left ventricular end diastolic diameter at admission (156,157),
reduced LVEF at first echo (144,156), left atrial enlargement (156,158) and low strain and

strain rate. (145,159) Reduced LVEEF at first echo is also relevant for long-term prognosis.
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If right ventricular dysfunction is present, it serves as a main predictor of transplantation
and death. (136) On the other hand, positive prognostic factors are normal LVEF and wall
motion (144,156) or if those are abnormal an improvement/normalization of LVEF after

time is favorable for long term prognosis. (145,156,157)

CMR

Prognostically advantageous is the complete absence of LGE. (141,160) If LGE is present,
it is favorable if it decreases at follow-up appointments (141) and if it is located in the
inferolateral wall. (160) Similar to echocardiography, preserved baseline LVEF in CMR is
linked to favorable outcome. (60) Prognostically unfavorable is presence of LGE at
baseline and non-decreasing LGE at control appointments. (141) Interestingly, a
combination of persistent LGE and resolving edema is a marker of poor prognosis
compared to the disappearance or persistence of both. Potentially, persistent edema can
indicate a still active process with a higher probability of recovery (See chapter 1.6.4
above). (78) Furthermore, mid-wall LGE in anteroseptal segments is also linked to

unfavorable prognosis. (160)

EMB

To date only negative prognostic EMB markers have been established. Those are:
histological subtype of GCM (4) and presence of viral genomes in patients not being
treated with drugs containing specific antiviral components. (161) Moreover, Kindermann
et al. have shown that histological presence of inflammation represented by invading
inflammatory infiltrate and the expression of HLA-DR-alpha molecules are linked to

worse prognosis compared to those markers being absent. (21)
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2 Aim of this thesis

The diagnosis of myocarditis can be challenging, and an optimal diagnostic approach
depends on a wide variety of factors including patient factors (e.g. the severity of the
clinical presentation) and geographic factors like local availability of CMRs and catheter
labs. Within the last decades, criteria for CMR and EMB myocarditis diagnosis have
evolved. Most important changes for CMR-diagnosis are the formulation of the LLC in
2009 and the updated LLC in 2018. EMB-diagnosis changed from a histology-based
diagnosis using the Dallas criteria to an immunohistochemistry-based diagnosis. Both
investigations have their strengths and weaknesses and scenarios in which they are superior
to one another. To date, MRI remains as the noninvasive gold standard and EMB as the
invasive gold standard. Unfortunately, neither method has both, great sensitivity and
specificity. The old LLC exhibit a sensitivity of 72.5% and a specificity of 96.2%. (74)
EMB in comparison has great specificity, but a sensitivity of only around 50% with 4-5
obtained biopsy samples. (50,109,110)

The aim of this diploma thesis was to give an overview of the diagnostic results of patients
that received CMR and EMB at the Cardiology Department of the Medical University of
Graz. We aimed to evaluate the concordance of CMR and EMB in the diagnosis of
myocarditis. In patients with divergent diagnoses, we tried to evaluate which diagnoses

were actually stated. This constitutes the first, descriptive part of this diploma thesis.

An important factor to consider when comparing EMB and CMR diagnoses is the
sequence in which both investigations were performed. We suspected the sequence would
play an important role for the diagnostic concordance of the two investigations. In most
cases CMR is performed prior to invasive EMB at our institution, but a notable portion of
patients received EMB prior to CMR due to availability reasons. We suspected that if the
imaging was performed shortly after the EMB procedure the septal biopsy sites could still
be visible on CMR images. The biopsy sites could potentially mimic a patchy form of
myocarditis, which could severely worsen the diagnostic accuracy of CMR with a possible
overestimation of myocarditis by the diagnosing radiologists. Testing this hypothesis

constitutes the second part of this thesis.
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3 Methods

This diploma thesis is a retrospective data analysis reviewing the data of patients who
received EMB and CMR at the Department of Cardiology at the Medical University of
Graz between 2008 and 2020.

3.1 Collection of data

In a first step, we searched for patients who received EMB at the Department of
Cardiology via a query in the electronic hospital information system openMEDOCS. The
query was performed by the Institute of Medical Informatics and Biostatistics of the
Medical University of Graz (IMI). Digital archiving of EMB data started in 2008 at the
Department of Cardiology. From July 2008 until October 2020, 420 patients underwent
EMB with the procedure code ‘DA04000’. On these 420 patients, 575 EMB procedures
were performed. The data was documented in a Microsoft Excel spreadsheet in a
pseudonymized fashion and included general patient characteristics like patient-ID, age,
sex, height, weight, available diagnoses in openMEDOCS, number of biopsies, date of
biopsies, last full blood laboratory before EMB with levels of NT-proBNP, high-sensitive
cardiac troponin T (hsTnT) or troponin T (before availability of hsTnT), CRP serial
assessment (from 6 months prior to biopsy until 2 years after biopsy) and date of death, if
deceased. Out of this list, patients who also underwent CMR were selected. This resulted

in 228 patients with 263 performed CMRs.

Further data collection was performed by the author of this thesis via manual search in
openMEDOCS. Data including CMR findings, EMB findings and echocardiography
findings was extracted from written reports and encoded in the Microsoft Excel
spreadsheet in addition to the data collected by the IMI. However, a considerable
proportion of the biopsy reports was not retrievable online. Therefore, the missing reports
were collected from the filed reports in the physical archive of the Department of
Cardiology. About 20 biopsy reports still could not be traced and were subsequently
requested at the ‘Institut fiir kardiale Diagnostik und Therapie’ (IKDT) in Berlin,
Germany. The IKDT is the institute the biopsy samples obtained at our clinic are routinely

sent to for further analysis. Sixteen more reports were found at the IKDT. Four patients
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with still missing reports were excluded from further analysis. Literature research was

performed using PubMed.

3.2 Inclusion criteria

Available data

Regarding patients with incomplete CMR data, the CMR sequences of our patients were
accessible by Johannes Schmid at the Department of Radiology. This allowed collection of
missing parameters in the written reports. In contrast, regarding missing EMB data, we
were unable to obtain the data in retrospect. As a result, we only included patients where

EMB data was sufficient to enable categorization into our diagnostic categories.

Indication for EMB

Some of the patients in our registry were cardiac transplant patients and subsequently a
different analysis was performed on their biopsy samples, mainly dealing with the question
of transplant rejection. These cardiac transplant patients were not suitable for our analysis

and therefore excluded.

Time between CMR and EMB

As presence of inflammation is likely to change over time, we expected the concordance of
CMR and EMB to suffer if the timespan between the two investigations was too extended.
Thus, we tried to balance maintaining a reasonable cohort size, while keeping the timespan
between examinations short. For the first, descriptive part of the analysis, we arbitrarily
determined 30 days as an appropriate time frame and therefore excluded patients who had

more than 30 days between their CMR and EMB examination.

For the sub analysis in which we investigated the role of the sequence of CMR and EMB,
the time frame was chosen even more rigidly. Only patients who received both
investigations in a maximum of 14 days were included, as our aim was to only include
patients where the biopsy sites would still be visible on CMR. Patients who received both
investigations on the same day were excluded because the sequence in which CMR and

EMB were performed was not reliably determinable retrospectively in those patients.
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3.3 EMB data

The analyses performed at the IKDT include histological, immunohistochemical and
genetic analysis. All biopsy data in this thesis stems from the IKDT-reports, with exception
of references to the location of the obtained biopsies, which were extracted via
openMEDOCS from the catheter lab’s documentation. The location of obtained biopsies
was encoded as left ventricular, right ventricular or out of both ventricles. Subsequently,
the histological findings, viral detection data, immunohistochemistry and the diagnostic
statement were categorized for further comparison and data presentation. Histological cell
numbers were not used, because data was only available in a minority of the IKDT-reports.
Immunohistochemical cell content was available in almost all the reports and was therefore

used instead.

Histology
Presence of fibrosis and cell necrosis was both encoded dichotomously as absent or

present.

Viral detection

We dichotomously encoded whether viruses were detectable or not via PCR. If viruses
were detected, we documented which ones were detected. The investigations performed by
the IKDT included the detection of the following viruses: Adenovirus, Erythrovirus
(including PVB19), Erythrovirus (including PVB19) in peripheral blood cells, HHV 6,
HHYV 6 in peripheral blood cells, EBV, EBV in peripheral blood cells and
Cocksackie/Enterovirus. The presence of Erythrovirus, HHV6 and EBV was evaluated in
myocardial tissue and in peripheral blood cells. The viral copy number of the respective
virus was recorded as viral copies/pg of myocardial nucleic acid. For values <5 viral
copies/ug myocardial nucleic acid the value 2.5 copies/pug myocardial nucleic acid was
taken representatively. The presence of mRNA was encoded dichotomously as present or

not present as an indication for active replication of the respective virus.
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Immunohistochemistry

The presence of an abnormal inflammatory infiltrate can be detected by
immunohistochemical analysis. Lymphocytes, cytotoxic T cells and
monocytes/macrophages are detectable by specific immunohistochemical markers. These
markers are CD3, LFA-1, CD45R0, Perforin and Mac-1. Thresholds of these markers are
14/mm? for CD3 and LFA-1, 40/mm? for CD45RO and Mac-1 and 2.9/mm? for Perforin
(see Table 2).

Table 2: Immunohistochemical markers with thresholds for an abnormal inflammatory infiltrate

Marker Number of cells/mm?
CD3 14
LFA-1 14
CD45R0 40
Mac-1 40
Perforin 2.9

According to the IKDT laboratory manager Dr. Ganna Aleshcheva, an abnormal
inflammatory infiltrate is assumed by the IKDT’s pathologists if at least 2 markers of CD3,
LFAT1, CD45R0 and Mac-1 are slightly elevated, or if one is at least moderately elevated.
For our categorization of EMB diagnoses (Table 3), the diagnostic algorithm of the IKDT-
pathologists for the evaluation of present inflammation was adopted as they have vast

experience in the diagnosis of myocarditis.
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Table 3: Categorization of EMB diagnoses

Diagnosis

Borderline-myocarditis

Active myocarditis
DCM
Ischemic CMP

Amyloidosis

Specific diagnosis other than previous

diagnoses

Unspecific/inconclusive findings, not

sufficient for a specific diagnosis

3.4 CMR data

LLC

The presence of EGE, LGE, ECV and edema described in the radiology reports was
encoded. Presence of EGE and edema were encoded dichotomously as present or not and
ECV as increased or not increased. LGE was further divided into six subcategories: none,
ischemic, non-ischemic, both ischemic and non-ischemic, undetermined, typical
amyloidosis pattern. The latter category was added to further distinguish non-ischemic
LGE seen in myocarditis from non-ischemic LGE with a pattern seen in amyloidosis. The
LGE distribution was further specified dichotomously as LGE including the

interventricular septum or not.

Quantitative parameters

Volumetric data including LVEF values measured in CMR were recorded.

32



CMR diagnosis

Final diagnoses were classified in the following groups:

Table 4: Categorization of the CMR diagnoses

Diagnoses

Normal CMR

Likely myocarditis
DCM

Specific diagnosis other than myocarditis

and DCM

Unspecific/inconclusive findings, not

sufficient for a specific diagnosis

The etiology of DCM cannot be reliably distinguished in CMR and can be either (post-)
inflammatory or due to other non-inflammatory (e.g., genetic) causes. The category DCM
was introduced to account for this ambiguous entity. To categorize CMR diagnoses, the
diagnoses given by the diagnosing radiologist were adopted from the radiology reports.
However, in some of the CMR reports the radiologists did not name a final diagnosis and
in those cases the author of this thesis performed the classification by considering the LLC,
the information given in the radiology reports and the help of Johannes Schmid who

reviewed the CMR images of several cases to allow a suitable categorization.

3.5 Statistics

Statistical analysis was performed in Microsoft Excel and IBM SPSS Statistics Version 27.
Descriptive statistics included presentation of frequency (percentage), mean + standard
deviation or median [interquartile range]. CMR and EMB results were compared by means
of cross tables. Differences between groups were tested using Chi? test, Student’s t-test or
Mann-Whitney U test as appropriate. A p-value smaller 0.05 was regarded statistically

significant.
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3.6 Ethics Vote

The study was approved by the Ethics Committee of the Medical University of Graz (EK

32-575 ex 19/20).

4 Results

Figure 3: Inclusion process

228 patients

received
EMB+CMR

e -7 cardiac transplant recipients

e -4 patients: missing biopsy findings

e -2 patients: premature termination of CMR
examination

215 patients

e - 49 patients with >30days time
between CMR and biopsy

166 patients

As illustrated in Figure 3 the inclusion process started with 228 patients receiving EMB
and CMR. Seven patients had to be excluded because they were cardiac transplant
recipients. Four more patients had no detectable biopsy reports and were therefore
excluded. Premature termination of CMR-examination led to the exclusion of 2 more
patients. The criteria of a maximum of 30 days between both investigations led to the

exclusion of 49 patients and to our patient final cohort of 166 remaining patients.
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4.1 Descriptive statistics of the patient cohort

Table 5: Descriptive statistics of the patient cohort.

Variables Value Total number of
patients
Demographics | Age (years) 45.6 +15.6 166
Male sex 133 (80%) 166
BMI (kg/m?) 28.4+£6.6 166
CMR LVEF (%) 37.2+16.3 161
present LGE 135 (81.3%) 166
non-ischemic LGE pattern 104 (62.7%)
Present edema 35 (21.3%) 164
Normal MRI 3 (1.8%) 166
likely myocarditis 61 (36.7%)
DCM 60 (36.1%)
other diagnosis 27 (16.3%)
unspecific 15 (9.0%)
EMB detected necrosis 2 (1.2%) 166
detected fibrosis 103 (62.4%) 165
Virus positive 140 (84.3%) 166
Positive only for PVB19 86 (51.8%) 166
Thereof mean copy number | 423.0+1010.8
Active replication 35 (21.1%) 166
Thereof PVB19 pos. 34 (97.1%) 35
Active myocarditis 3 (1.8%) 166
Borderline-myocarditis 98 (59%)
DCM 7 (4.2%)
amyloidosis 9 (5.4%)
other diagnoses 14 (8.4%)

unspecific findings

35 (21.1%)

Categorial variables are presented as number (percentage), while continuous variables are presented as mean +

standard deviation.

35




4.1.1 General Demographics

The patient cohort consisted of 80% males and 20% females. Mean age was 45.6 + 15.6

years with a range of 18 to 85 years. Mean BMI was 28.4 + 6.6 kg/m? with a range of 16.6

to 51.6 kg/m?.

4.1.2 CMR findings

Figure 4: EF measurements in CMR

400
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Mean LVEF was 37.2 + 16.3% with a range of 11.0% to 76.8%. 161 patients had valid
LVEF measurements in their CMR-examination. Figure 4 shows a box plot with LVEF
distribution. Figure 5 shows the distribution of LVEF values in the patient cohort.

Figure 5: Histogram of LVEF values. Values were measured via CMR.
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Figure 6: Prevalence of non-ischemic LGE and edema

140
120
100
80
60
40
20
0

115

35 33

-

non-ischemic LGE edema both

Number . .
of patients = non-ischemic LGE edema 4 both

As we can see in Figure 6 a solely non-ischemic LGE pattern was detected in 104 (69.3%)
of our patients (n=166), while a solely ischemic pattern was detected in 9 (5.4%) patients.
Ischemic and non-ischemic LGE together appeared in 11 (6.6%) patients. Less frequently
observed LGE patterns were undefined LGE and LGE typical for amyloidosis with 2
(1.2%) and 9 (5.4%) patients. Thirty-one (18.7%) patients presented without any LGE.
Data on the presence of edema was available in 164 (98.8%) patients of our cohort. Out of
those, 35 (21.3%) had detectable edema. Only 33 (20.1%) patients presented with edema

and non-ischemic LGE.

Figure 7. Septal involvement of LGE in % of patients
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Out of the patients with present LGE (n=135), 95 (70,4%) patients showed involvement of

the interventricular septum.
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Figure 8: Overview of CMR diagnoses in % of patients
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Analysis of the CMR diagnoses is presented in Figure 8. Three (1.8%) of the patients were
classified as ‘normal CMR findings’ without visible pathologies. Patients suspicious for
myocarditis and patients suspicious for DCM were almost equal in occurrence with 61
patients and 60 patients (36.7% and 36.1% of the patient cohort). Twenty-seven (16.3%)
patients were found to have a specific diagnosis other than myocarditis and DCM, while 15

patients (9%) were classified with unspecific findings.

4.1.3 EMB findings

Figure 9: Presence of necrosis (% of all patients)
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As presented in Figure 9 and Table 5 only 2 patients (1.2%) in our cohort showed visible

cell necrosis.
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Figure 10: Presence of fibrosis in EMB
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Data on the presence of fibrosis was available in 165 patients. Out of those patients 103
(62.4%) showed fibrosis in their myocardium (see Table 5 and Figure 10). The most

common fibrosis localizations were perivascular, interstitial and in displacement layers.

Figure 11: Biopsy locations
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As presented in Figure 11 only 3 of our patients received left ventricular biopsy while 162

patients had their biopsies obtained out of the right ventricle.
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Figure 12: Detected viruses via PCR analysis
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One hundred and forty (84.3%) patients were found to be positive for viral genome
detection via PCR (see Figure 12 and Table 5). Viruses located in the myocardium and in
peripheral blood cells were detected. In some of our patients, multiple viruses were
detected. Thirty-five patients (21.1%) had at least two viruses and 7 (4.2%) patients had at
least three viruses detected. There were five different viruses found to be present in our
cohort. From most common to least common these were: Erythrovirus myocardial
(including PVB19) in 125 (75.3%) patients, HHV6 myocardial in 19 (11.4%) patients,
HHV6 peripheral in 18 (10.8%) patients, EBV myocardial and EBV in peripheral blood
cells both in 6 (3.6%) patients and Adenovirus and Cocksackie/Enterovirus both in 1
(0.6%) patient. Actively replicating viruses were detected in 35 (21.1%) of patients. Active
replication is synonymous with detection of mRNA via PCR.
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Figure 13: IHC- markers signaling inflammatory infiltrate.
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Figure 13 demonstrates the extent of inflammatory infiltrate in the patient cohort. For the
immunohistochemical markers CD3, LFA-1 and Mac-1 almost all patients had data
available (164, 164 and 163 patients respectively). The marker CD45R0 was only given in

102 of our patients, therefore it was not included in Figure 13.

CD3 was elevated above the upper reference limit (URL) in 59 patients (36.6%). A
threefold increase was observed in 13 patients (7.8%) and a tenfold increase in 3 patients
(1.8%).

LFA-1 was elevated in an even higher proportion of patients: 104 patients (63.4%) had
increased values, threefold increase was seen in 32 (19.5%) patients and 6 patients (3.7%)
even showed a tenfold increase in values.

Mac-1 showed an increase in 91 patients (55.8%), while 11 patients (6.7%) presented with
a threefold increase and 3 patients (1.8%) presented with a tenfold increase.

CD45R0 was only analyzed in about 2/3 of all patients and showed an elevation above the
URL in 72 (70.6%) of patients, an increase above 3x the URL in 8 (4.9%) and an increase
above 10x the URL in in 3 (2.9%) patients.
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Figure 14: Overview of EMB-diagnoses
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As shown in Figure 14, active myocarditis according to the Dallas criteria proved to be the
least common diagnosis. It was only diagnosed in 3 (1.8%) patients, while borderline
myocarditis without visible necrosis was the most common diagnosis, diagnosed in 98
patients (59%). In over one fifth of patients, precisely in 35 patients (21.1%), the findings
were not specific enough to establish a distinct diagnosis. In 14 patients (8.4%) another
specific diagnosis was stated by the pathologist. This sub group mainly includes PVB19
reactivations without evidence of inflammation, as well as CMPs without an inflammatory
component (no DCM). One report with toxic/metabolic myocardial damage also belongs
into this subgroup as well as one post-inflammatory finding. Furthermore, 9 (5.4%)

patients were diagnosed with amyloidosis and 7 (4.2%) with DCM.
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4.2 Comparison of inflammatory diagnoses in CMR and EMB

Table 6: Comparison of inflammatory diagnoses in CMR and EMB

CMR diagnosis CMR diagnosis of no
of myocarditis myocarditis (n=105)
(n=61)
EMB diagnosis of | Number of patients | 43 58
myocarditis % Within EMB | 42.6% 57.4%
(borderline + category
active, 1=101) %o \Within CMR | 70.5% 55.2%
category
EMB diagnosis of | Number of patients | 18 47
nomyocarditis o/ Nyipin EMB | 27.7% 72.3%
(n=63) category
% Within CMR 29.5% 44.8%
category

Table 6 shows patient numbers and percentages in the respective CMR and EMB categories.

Sixty-one (36.7%) patients were diagnosed with myocarditis in CMR and 101 (60.8%)

with myocarditis in EMB. Forty-three (25.9%) patients were diagnosed with myocarditis

and 47 patients (28.3%) without myocarditis congruently in both investigations, resulting

in a total of 54.2% congruent diagnoses regarding the question of presence or absence of

myocarditis. From Table 6, markers of diagnostic performance of CMR can be calculated

when assuming EMB as the gold standard. Sensitivity of CMR was 42.6%, specificity was

72.3%, positive predictive value (PPV) was 70.5% and negative predictive value (NPV)

was 44.8% with an overall diagnostic accuracy of 54.2%. The question which diagnoses

were made instead in patients with incongruent diagnoses is illustrated in a larger cross

table (see Table 7).
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4.3 Comparison of all CMR and EMB diagnoses

Table 7: Cross table comparison of all CMR and EMB diagnoses

CMR | Normal Likely DCM Other Unspecific

MRI myocarditis (n=60) distinct findings

EMB (n=3) (n=61) diagnosis (n=15)

(n=27)

Borderline 2(66.7%) | 42 (68.9%) 37 9(33.3%) | 8(53.3%)

myocarditis (61.7%)

(n=98)

Active 0 1 (1.6%) 0 1 (3.7%) | 1(6.7%

myocarditis

(n=3)

DCM 0 0 5(83%) | 1(3.7%) | 1(6.7%)

(n=7)

Amyloidosis | 0 0 0 8(29.6%) | 1(6.7%)

(n=9)

Other distinct | 1 (33.3%) 4 (6.6%) 7(11.7%) | 1 (3.7%) 1 (6.7%)

diagnosis

(n=14)

Unspecific 0 14 (23.0%) 11(18.3%) | 7 (25.9%) | 3 (20.0%)

findings

(n=35)

The variables are presented as number of patients in the respective category with the proportion of the respective

CMR category in parenthesis.

Myocarditis

Table 7 compares EMB and CMR diagnosis categories. 70.5% of CMR diagnosed
myocarditis was confirmed by EMB (68.9% were diagnosed as borderline myocarditis and
1.6% were evaluated as active myocarditis in EMB reports). In 6.6% of CMR-diagnosed
myocarditis cases another specific diagnosis like hypertrophic cardiomyopathy was stated
in EMB, while in 23% the findings were unspecific and there was no specific diagnosis

made in EMB.

In contrast, only 42.6% of the EMB-diagnosed myocarditis cases were also diagnosed as
myocarditis by CMR. The EMB-diagnosed myocarditis cases without congruent CMR
diagnosis were mainly diagnosed as DCM (36.6%) by the radiologists. In other words, in
patients with biopsy-proven inflammation radiologists diagnosed almost as many patients
to have DCM as they diagnosed with myocarditis. Furthermore, with 9.2% and 8.2%

respectively, considerable parts of EMB proven inflammation were classified as specific
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diagnosis other than DCM and myocarditis and as unspecific findings in the CMR. The

remaining 2% of biopsy proven inflammation had normal MRI-findings.

The three active myocarditis cases in EMB had congruent findings in their CMR in one
case (33.3%) while the other two patients were diagnosed incongruently in CMR. One was
diagnosed with unspecific findings and the other patient with questionable subacute infarct
area at the anterior wall (and was therefore classified as ‘specific diagnosis other than

previous diagnosis’ according to our CMR diagnosis groups).

No myocarditis

A frequent diagnosis in CMR reports was DCM with 60 patients, but only 8.3% of those
patients were congruently diagnosed as DCM in EMB reports. The ones not congruently
diagnosed by EMB were diagnosed in descending frequency as: Borderline myocarditis
(61.7%), unspecific diagnosis (18.3%), specific diagnosis other than DCM and myocarditis
(11.7%). These numbers suggest that in almost two out of three cases (61.7%) patients who
are diagnosed with DCM in CMR show an abnormal inflammatory infiltrate in their EMB.
The 7 cases that were diagnosed as DCM by EMB were mostly concordantly diagnosed by
CMR (71.4%). Only two patients were not congruently diagnosed. These patients were
diagnosed as ‘unspecific findings’ and as ‘another specific diagnosis (no DCM or
myocarditis)’ in the EMB. In our patient cohort CMR showed a high PPV of 88.9% for
EMB-proven amyloidosis as only one patient was not diagnosed concordantly in their

EMB.

A final diagnosis of ‘unspecific findings’ was stated more often in EMB reports than in
CMR reports (21.1% vs 9% of all patients). Patients with unspecific EMB-findings were
diagnosed as myocarditis (40%), DCM (31.4%) and ‘another specific diagnoses no
myocarditis and DCM’ (20.0%) in CMR reports. Only 8.6% of the EMB-diagnosed
‘unspecific findings’ were subsequently diagnosed as unspecific in CMR. Patients with
unspecific CMR findings were mainly (53.3%) diagnosed as borderline myocarditis in
their biopsies. The rest was diagnosed as active myocarditis, DCM’, amyloidosis and as

‘specific diagnosis other than myocarditis or DCM’ in their EMB with 6.7% each.
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4.4 Sub analysis: Does the performance of EMB prior to CMR

lead to false positive myocarditis diagnoses?

We analyzed patients who received CMR and EMB within 14 days between 2008 and
2020 and divided them in two groups dependent on whether they received EMB prior to
(group 1) or after CMR (group 2). Groups were compared regarding the CMR myocarditis
criteria non-ischemic LGE and edema. Furthermore, groups were compared regarding the
number of myocarditis diagnoses in CMR and EMB. Additionally, the concordance of
CMR and EMB diagnoses was compared. Patients who received EMB and CMR on the
same day were excluded because the sequence in which the investigations were performed
was not determinable with certainty. Of our 215 patients, 147 passed our inclusion criteria
for this sub analysis. Out of this group, 55 patients received EMB prior to and 92 patients

after CMR. Patients’ mean age was 45.5+16.0 years, 20% were females.

LGE and edema

Figure 15: Frequency of non-ischemic LGE and edema in study groups

Prevalence of non ischemic LGE and edema
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Hedema M non ischemic LGE

The occurrence of the myocarditis CMR-criteria non-ischemic LGE and edema are
presented as percentage of all patients in the respective group in Figure 15. Surprisingly,

group 2 showed higher incidences of both criteria compared to group 1 with a non-
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ischemic LGE frequency of 73.9% versus 60.0% and an edema frequency of 24.4% versus

16.4%.

Table 8: Cross table comparison of EMB and CMR diagnoses

EMB findings
Group 1 (EMB prior to CMR, Group 2 (EMB after CMR,
n=55) n=92)
Myocarditis | No myocarditis Myocarditis | No myocarditis
(n=36) (n=19) (n=54) (n=38)
Normal CMR | 2 (66.7%) 1 (33.3%) 0 0
(n=3)
Likely 12 (92.3%) 1 (7.7%) 24 (60.0%) 16 (40.0%)
myocarditis
CMR (n=53)
findings DCM (n=54) | 11(57.9%) | 8 (42.1%) 24 (68.6%) 11 (31.4%)
Other 7 (50.0%) 7 (50.0%) 2 (50.0%) 2 (50.0%)
diagnosis
(n=25)
Unspecific 4 (66.7%) 2 (33.3%) 4 (66.7%) 2 (33.3%)
findings (n=12)

EMB diagnoses have been summarized into inflammatory diagnosis (including borderline myocarditis and active
myocarditis) and non-inflammatory diagnoses (all other diagnoses). For reasons of simplification the groups are just called
myocarditis* and ,,no myocarditis“. The percentages given in parentheses refer to the respective CMR category for the
respective study group.

Group 1 (EMB prior to CMR)

In this group, 23.6% of patients were diagnosed with myocarditis by CMR, while almost
three times as many patients (65.5%) were diagnosed with it in EMB.

The concordance between CMR and EMB regarding myocarditis diagnoses was high, with
92.3% of CMR diagnosed myocarditis cases confirmed by EMB. Out of 13 CMR
diagnosed myocarditis patients only one was not confirmed via biopsy.

Similar to what we have already seen in the previous analysis in chapter 4.3, many patients
diagnosed with DCM in CMR had considerable inflammation in their EMB (57.9% had
inflammatory diagnoses in their EMB). Comparable observations to those in chapter 4.3
can be made for patients diagnosed with ‘specific diagnosis other than myocarditis and
DCM’ in CMR, where half of the patients had detected abnormal inflammatory infiltrates

in their biopsy samples.
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Group 2 (CMR prior to EMB)

Regarding the second group, 43.4% of patients were diagnosed with myocarditis by CMR,

while 58.7% were diagnosed with it in EMB. The difference of diagnosed myocarditis

patients between both diagnostic investigations is much smaller compared to group ‘CMR

before EMB’ (41.9% difference between modalities in group 1 vs 15.3% in group 2). The

percentage of patients with myocarditis in their EMB is higher in group ‘EMB before

CMR’ (65.5% in group 1 vs 58.7% in group 2), whereas the proportion of patients

diagnosed with myocarditis in CMR is considerably higher in group ‘CMR before EMB’
(23.6% in group 1 and 43.4% in group 2). The concordance of CMR and EMB myocarditis

diagnoses was worse in group ‘CMR before EMB’ with only 60% of CMR-diagnoses

being confirmed by biopsy vs 92.3% in group ‘EMB before CMR’. Compared to group
‘EMB before CMR’, an even higher portion of patients (68.6%) with MRI-diagnosed

DCM had biopsy proven inflammation.

4.4.1 Significance of findings

In order to assess if the differences in our measurements were significantly different

between groups 1 and 2, we used a Chi? test to test for differences in myocardial edema,

non-ischemic LGE, CMR inflammatory and EMB inflammatory diagnoses.

Table 9: Significance of differences between study groups.

diagnosis in
EMB

variables Group EMB Group CMR p-value
before CMR before EMB

CMR edema 9/55 (16.4%) 22/90 (24.4%) | 0.249
Non-ischemic 33/55 (60.0%) | 68/92 (73.9%) | 0.078
LGE
Inflammatory 14/55 (25.5%) | 40/92 (43.5%) | 0.015*
diagnosis in
CMR

EMB Inflammatory 36/55 (65.5%) | 54/92 (58.7%) | 0.416

Categorial variables are presented as number of patients.
* Significant values are marked specifically. p<0,05: *; p<0,01: ** ; p<0,001: ***
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As illustrated in Table 9 there was no significant difference in edema prevalence
(p=0.272), non-ischemic LGE prevalence (p=0.078) and number of inflammatory
diagnoses in EMB (p=0.416) between study groups. However, we found a significant
difference between study groups regarding the amount of CMR-diagnosed inflammatory
diagnoses (p=0.012). Group ‘EMB before CMR’ had significantly less inflammatory
diagnoses compared to group ‘CMR before EMB’.

However, the established difference could probably be explained by differences in the
composition of our study groups, serving as confounders. Therefore, the next step was to
compare the composition of our study groups. We chose to compare the demographic
parameters age, sex, BMI as well as the blood values TnT and NT-proBNP. As a
functional parameter we compared CMR measured LVEF between study groups. We
performed a Chi? test for differences in sex. For the variables age, BMI and EF a Student’s
t-test was performed since values were approximately normally distributed. We performed

a Mann-Whitney-U-test for the variables TnT and NT-proBNP which is a non-parametric

test as the values were not normally distributed.

Table 10: Significance of differences between study groups.

variables Group 1 “EMB | Group 2 “CMR | p-value
before CMR” before EMB”
Demographics | Age (years) 46.6 £16.0 449 +16.0 0.544
Female Sex 14.5 22.8 0.222
(%)
BMI (kg/m?) 28.8+ 6.0 28.7+7.3 0.988
Blood tests TnT (pg/ml) 243.7 156.4 0.142
NT-proBNP 2857.5 1705.7 0.012*
(pg/ml)
CMR LVEF (CMR 354 38.2 0.317
measured in %)

* Significant values are marked specifically. p<0,05: *; p<0,01: ** ; p<0,001: ***

As we can see in Table 10 there was no significant difference in age (p=0.544), sex

(p=0.222), BMI (p=0.988), TnT (p=0.142) and EF (p=0.317). However, group 1, which
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received their EMB prior to CMR had significantly higher NT-proBNP levels compared to
group 2.

5 Discussion

Myocarditis is a disease, which likely occurs far more frequently than it is currently
diagnosed. The official incidence of 22 per 100.000 persons per year reported in the Global
Burden of Disease Study (10) is solely derived from hospital dismissal codes.
Consequently, these numbers miss fatal cases happening outside of hospitals on the one
hand and subclinical cases which are not treated in hospitals on the other hand. The
consequences of the disease can be life-threatening involving CMP, HF and SCD (as
illustrated in Figure 2). The diagnostic process remains challenging as the two diagnostic
modalities representing the current invasive and non-invasive gold standard have
limitations regarding their sensitivity and specificity e.g., the sampling error of EMB and
the low sensitivity of CMR when performed in patients with low grade inflammation (see

chapter 1.6.4 and chapter 1.6.5 above).

The aim of this retrospective data analysis was first and foremost to create a registry of all
patients who received both, EMB and CMR investigation at the Department of Cardiology
of the Medical University of Graz. Furthermore, we aimed to present the findings of these
diagnostic investigations with a special focus on myocarditis-diagnoses. In the next step,
EMB and CMR diagnoses were checked for congruence regarding diagnosed myocarditis.
In cases of incongruent diagnoses in the two investigations, the alternatively made
diagnoses were presented. As it became obvious during the creation of the registry, that
about one third of the patients received their EMB prior to receiving their CMR, we
assumed that this scenario might lead to an overdiagnosis of myocarditis as the fresh
biopsy sites could potentially mimic spots of myocardial inflammation. Therefore, the

second part of this thesis had the aim of testing this hypothesis.
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5.1 Study population

Our study population included adults of all age groups. The mean age of 45.6 + 15.6 years
in our patient cohort is close to the mean age of 30-45 years of myocarditis patients
reported in the literature. (4,5) The mean BMI (28.4 kg/m? in the main analysis) seems to
be comparable to the mean BMI in the general Austrian population. However, with only
20% women and 80% males, the proportion of the female sex was significantly smaller in
our patient cohort than in the literature, where 1:1.5 to 1:1.7 women to men ratios are
stated. (139) The gender proportion stayed at 1:4 for the subgroup of patients who received
a final diagnosis of myocarditis. However, there are a few studies who described similar
sex distributions to ours, e.g. Berg et al. in Switzerland with 87% males (162) and Younis
et al. in Israel with 84% males. (5). Ozieranski et al. recently described in a Polish
myocarditis registry, that although women were more symptomatic and had more
comorbidities than men, they were less likely to be admitted to a cardiology unit or
undergo diagnostic testing for myocarditis. (140) This phenomenon might contribute to the

gender asymmetry in myocarditis patients.

Whether our observed gender proportion represents an adequate ratio of myocarditis
patients in Styria or whether some kind of selection bias at our institution leads to women
receiving less CMR and EMB is unknown and should be further evaluated. However, the
gap between 1:1.5 to 1:1.7 and 1:4 in gender seems so significant that an explanation
solely based on different local epidemiology seems less likely than the presence of some

kind of selection bias.

5.2 Myocarditis diagnoses in EMB and CMR

In the CMR-reports, 61 (36.7%) patients were diagnosed with myocarditis. However, in
the EMB-reports 98 (59%) patients were diagnosed with borderline myocarditis, which
was by far the most common EMB-diagnosis in our cohort. Surprisingly, only 3 (1.8%)
patients were diagnosed with active myocarditis, making a total of 101 (60.8%)

myocarditis diagnoses in our EMB-reports.
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Dallas criteria and active myocarditis

As described by Kenneth L. Baughman in 2006 in ‘Death of Dallas Criteria‘(94), the
Dallas criteria no longer seem sensitive and adequate enough to diagnose inflammation in
histological samples. Purely relying on H&E staining is not adequate anymore and has
been replaced by IHC. Still the vocabulary used in pathology reports stayed more or less
the same. In our data set, where only 3% of histological inflammation was labeled as active
myocarditis, the pathologists’ terminology seems to be misleading. This becomes obvious
as 97% of histological inflammation was labeled as ‘borderline myocarditis’. Although the
term insinuates only marginal inflammation, abnormal inflammatory infiltrates are present
and can be substantial. The low numbers of active myocarditis cases are explainable by the
requirement of fresh cell necroses for this diagnosis, which seem to be rarely observed by

diagnosing pathologists.

5.3 Concordance of CMR and EMB diagnoses

Forty-three (25.9%) patients were diagnosed with myocarditis and 47 patients (28.3%)
without myocarditis congruently in CMR and EMB. Consequently, 54.2% of our patients

received a congruent diagnosis regarding the question of myocarditis or no myocarditis.

Fifty-eight patients who received an EMB myocarditis-diagnosis were not diagnosed as
myocarditis by CMR. On the other hand, 18 patients in whom CMR was positive for
myocarditis were not detected by EMB. Bottom line: only 43 (25.9 %) patients were
diagnosed with a myocarditis diagnosis in both, CMR and EMB, while 119 (71.7%) were
diagnosed with myocarditis in either CMR or EMB._This means that only a small fraction
of patients who were diagnosed with myocarditis by either CMR or EMB were diagnosed

congruently.

We did not differentiate between AM and chronic iCMP in this analysis, which explains
the large number of 101 EMB-diagnosed myocarditis cases and the considerably lower
number of 61 CMR-diagnosed myocarditis cases. The low grade inflammation, which
EMB shows higher sensitivity for (see chapter 1.6.4 and chapter 1.6.5) may be detectable

in IHC but is not necessarily related to neither clinical symptoms nor visible changes in
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CMR. This fact may have negatively influenced diagnostic concordance of EMB and
CMR.

Almost all the available studies comparing concordance of CMR and EMB in performing
myocarditis-diagnoses refer to clinical criteria as the gold standard of diagnosis. However,
the MyoRacer Trial from 2016 is a trial using EMB-diagnosed myocarditis cases as the
gold standard of myocarditis diagnoses which is comparable to our own approach. In
patients with biopsy proven myocarditis they found a sensitivity of 66% and a specificity
of 47% when applying the old LLC. (163) Our numbers were different. Although we had a
lower sensitivity of 43%, our specificity of 72% was considerably higher. Overall
diagnostic accuracy was comparable with 59% compared to 54% in our study. An
important difference to the MyoRacer trial is that they used biventricular biopsy in 93% of
included patients, while we used exclusively right ventricular biopsies in 97.6% of
patients. Their approach might improve diagnostic EMB sensitivity by limiting the
sampling error compared to our EMB approach. Moreover, they used the full LLC
including EGE in their diagnostic process while in our cohort EGE data was mentioned in
only 17.5% of CMR-reports and therefore not routinely used. When comparing our patient
cohort with the MyoRacer study cohort, it is notable that their patient population included
more acute cases with myocardial necrosis. Four percent of the patients had detectable cell
necrosis, while only 1.8 percent of our cohort had myocardial necrosis. We seem to have
had a less acute patient collective compared to the MyoRacer trial with less AM which

could explain the poorer sensitivity of CMR (see chapter 1.6.4).

Alternative diagnoses

In order to find factors that may have negatively influenced diagnostic concordance of
CMR and EMB regarding myocarditis diagnoses, it seems logical to have a look at the
diagnoses made instead in cases with incongruent diagnoses. More precisely: Which
alternative diagnoses were made by CMR in EMB-diagnosed myocarditis cases and vice

versa?

Of the patients diagnosed with myocarditis in EMB, 36.6% received a diagnosis of DCM
in CMR. It is well established that there is an overlap between myocarditis and DCM.
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Myocarditis can lead to DCM and DCM patients may suffer from chronic inflammatory

CMP.

On the other hand, if we have a look at patients who were diagnosed with myocarditis by
CMR but were not confirmed by EMB, 73.7% of them had nonspecific biopsy-findings in
their EMB, insufficient for a specific diagnosis. A reasonable explanation for this
phenomenon is the sampling error of EMB (described in chapter 1.6.5), which is composed
of the overall limited sensitivity of EMB in the diagnosis of LM, the low number of
biopsies taken in EMB and the patchy distribution of some forms of myocarditis. With 8-
15 obtained samples per EMB procedure, we take significantly more biopsies at our
university clinic than the average 4-5 samples, but even with 17 samples per EMB, the
sensitivity gets only to around 80% (cf. chapter 1.6.5). The combination of these factors

might have led to the negative EMB results.

5.4 Impact of performing EMB prior to or after CMR on

diagnostic concordance

In the sub analysis investigating the influence of the sequence of EMB and CMR on false
positive myocarditis diagnoses, group 1 (n=55) had EMB performed prior to, group 2
(n=92) after CMR. Comparing groups, the frequency of detected non-ischemic LGE
(60.0% versus 73.9%, p=0.078) and edema (16.4% vs. 24.4%, p=0.249) showed no
significant difference. Neither did the amount of biopsy proven inflammation (65.5%
versus 58.7%, p=0.416). The latter is an important finding as it creates an equal base of
comparable histological inflammation between the groups for further comparing the
amount of CMR-diagnosed inflammation. Surprisingly, there was significantly more
CMR-diagnosed myocarditis in group “CMR before EMB” compared to group “EMB
before CMR” (23.6% vs. 43.5%, p=0.015).

Contrary to our expectations, the amount of diagnosed myocarditis in CMR was higher in
group “CMR before EMB” although we suspected it to be the other way around before
performing the analysis. Hence performing EMB prior to the CMR did not create more
myocarditis diagnoses compared to performing CMR prior to EMB. Our results suggest

that the biopsy sites were not misinterpreted as myocarditis by the diagnosing radiologists.
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Concordance of EMB and CMR between study groups

Concordance of CMR and EMB diagnosed myocarditis was much higher in group “EMB
before CMR” where 92% of CMR-diagnosed myocarditis cases were confirmed by EMB
while only 60% of CMR-suspected myocarditis cases were confirmed by EMB in group
“CMR before EMB”. In group “EMB before CMR”, PPV and NPV of the CMR were at
92.3% and 42.9% in relation to biopsy-confirmed myocarditis, while in contrast, PPV and
NPV were only 60.0% and 42.3%, in group “CMR before EMB”.

Performing EMB shortly prior to CMR investigation did not negatively affect the

concordance between both diagnostic methods.

An explanation for the higher concordance of EMB- and CMR-diagnoses in group “EMB
before CMR” could be found in the selection process of the patients who received EMB
prior to CMR. The indications for EMB are to a great extent in the highly acute, fulminant
setting of myocarditis (see chapter 1.6.5). In this patient population, we could assume more
inflammation in the myocardium compared to patients in whom CMR is performed first.
The limitations of CMR in the diagnosis of subacute, low-grade inflammation are
established. (83) Therefore, it is quite reasonable to believe that concordance will be worse
in patients who are not as acutely ill and are not selected for the "EMB first" strategy. The
significant difference in NT-proBNP values (see chapter 4.4.1) supports this hypothesis as
the group “EMB before CMR” showed significantly higher NT-proBNP values compared
to group “CMR before EMB”.

5.5 Strengths and limitations

5.5.1 Study design

As our analysis was performed monocentric the retrospective design allowed us to create a
large, representative patient cohort. Yet, the retrospective nature and mono centric study
introduce inevitable selection and information bias. Prospective multicenter studies would
be an appropriate option to confirm our results. Regarding our sub analysis that examined
the influence of the sequence of EMB and CMR, an ideal study would be to perform CMR
on the same patient before EMB and after EMB.
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5.5.2 Inclusion process / study group

For our main analysis the chosen maximum time span between CMR and EMB was 30
days. For our sub analysis in chapter 4.4 the chosen maximum time span was 14 days.
Those intervals may have been already too long to create comparable conditions at the time
where the investigations were performed. Resolution or exacerbation of inflammation
within this time frame is possible and could lead to physiological findings in one
investigation and abnormal findings in the other, consequently leading to incongruent

diagnoses between both investigations.

5.5.3 Myocarditis diagnoses in CMR

EGE was a criterion used in the old LLC. According to the ‘two out of three’ rule, two
criteria from the list of three (EGE, LGE, edema) were required to form a diagnosis of
myocarditis. (75) Unfortunately, EGE was not explicitly mentioned in 137 out of 166 MRI
reports. Although the diagnosing radiologists might have included EGE in their assessment
without mentioning it in their reports, it cannot be excluded that EGE was not considered
at all in the diagnostic process. Younger CMR-criteria from the revised LLC such as ECV
and mapping sequences were only mentioned in the most recent MRI reports as they were
not yet established in older reports. However, these criteria are proven for myocarditis
diagnosis as was shown by the updated LLC in 2018. (74) The new criteria have better
sensitivity than the old LLC with comparable specificity. However, most of our patients
received their CMR before 2018 and therefore the old LLC with worse sensitivity were

used.
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5.5.4 Suggestions for additional analyses

To generate more accurate CMR diagnoses, CMR sequences could be reassessed in a

standardized fashion, which was beyond the scope of the present thesis:

Older MRI sequences dating from before 2018 need to be reassessed and EGE data
needs to be collected. Then recategorization in suitable diagnosis categories should
be performed in a standardized fashion according to old LLC.

newer MRI images dating from the years after 2018, in which categorization into
our diagnoses categories was not unequivocal, should be reassessed for the
presence of the revised LLC if the sequences are available. ECV, LGE, T1 and T2
mapping should be systematically evaluated, and categorization should be repeated

with the new data according to the updated LLC.

5.6 Implications for theory and clinical practice

There are some implications of this thesis that are of interest to Clinical practice:

Our patient cohort was composed of 80% males and only 20% females. The gender
distribution was similar in the subgroup of patients receiving a diagnosis of
myocarditis. This gender distribution is significantly different from the one given in
recent epidemiological studies. Therefore, a selection bias in choosing patients for
CMR and EMB procedures at our university clinic should be considered and should

lead to further analysis in clinical practice.

The concordance of CMR and EMB diagnoses was only moderate our main
analysis. Reasonable explanations are on the one hand the sampling error of EMB,
leading to false negative EMB results, and on the other hand histological low-grade
myocarditis that remained undetected or resembled DCM on CMR. Furthermore,
the chosen maximum time interval of 30 days between the two examinations may
already have been too long to achieve comparable diagnostic conditions in both

examinations. The concordance was worse when CMR was performed prior to
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EMB compared to EMB prior to CMR. These factors should be considered in the

diagnostic process of myocarditis patients.

e Contrary to our expectations, performing EMB shortly prior to CMR did not lead to
an increase of non-ischemic LGE and edema. Furthermore, it did not lead to an
increase in myocarditis diagnoses in CMR and did not worsen the concordance
between CMR and EMB diagnoses. We can assume that the biopsy sites were not
misinterpreted as myocarditis by the diagnosing radiologists in the “EMB first”
approach. This conclusion is an important finding for the interpretation of the

diagnostic results when EMB is performed early and prior to the CMR.

5.7 Conclusion

Concordance of CMR and EMB in the diagnosis of myocarditis was moderate in our
cohort. There was no increase in false positive myocarditis diagnoses when EMB was

performed prior to CMR compared to EMB being performed after CMR.

58



List of References

1. Richardson P, McKenna W, Bristow M, Maisch B, 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 [Internet]. 1996 Jan 3 [cited
2023 Apr 23];93(5). Available from: https://pubmed-1ncbi-1nlm-1nih-1gov-
10013b5pe01de.han.medunigraz.at/8598070/

2. Sandeep Sagar, Peter P Liu, Leslie T Cooper Jr. Myocarditis. The Lancet. 2012 Feb
25;379(9817):738—47.

3. Guzik TJ, Mohiddin SA, Dimarco A, Patel V, Savvatis K, Marelli-Berg FM, et al.
COVID-19 and the cardiovascular system: implications for risk assessment, diagnosis, and
treatment options. Cardiovasc Res. 2020 Aug 1;116(10):1666—87.

4, Ammirati E, Frigerio M, Adler ED, Basso C, Birnie DH, Brambatti M, et al.
Management of Acute Myocarditis and Chronic Inflammatory Cardiomyopathy. Circ Heart
Fail. 2020 Nov 12;13(11):e007405.

5. Younis A, Matetzky S, Mulla W, Masalha E, et al. Epidemiology Characteristics
and Outcome of Patients With Clinically Diagnosed Acute Myocarditis. Am J Med. 2020
Apr 1;133(4):492-9.

6. Cooper LT. Ventricular Arrhythmias and Sudden Cardiac Death in

Lymphocytic Myocarditis*. ] Am Coll Cardiol. 2020 Mar 10;75(9):1058-60.

7. Harmon KG, Asif IM, Maleszewski JJ, Owens DS, Prutkin JM, Salerno JC, et al.
Incidence and Etiology of Sudden Cardiac Arrest and Death in High School Athletes in the
United States. Mayo Clin Proc. 2016 Nov;91(11):1493-502.

8. Maron BJ, Udelson JE, Bonow RO, Nishimura RA, Ackerman MJ, Estes NAM, et
al. Eligibility and Disqualification Recommendations for Competitive Athletes With
Cardiovascular Abnormalities: Task Force 3: Hypertrophic Cardiomyopathy,
Arrhythmogenic Right Ventricular Cardiomyopathy and Other Cardiomyopathies, and
Myocarditis. ] Am Coll Cardiol. 2015 Dec;66(21):2362-71.

9. Alvarez CS, Cooper LT. Cardiology Secrets [Internet]. Fifth Edition. Elsevier;
2017. 193-201 p. Available from: https://doi.org/10.1016/B978-0-323-47870-0.00021-0
10. Vos T, Barber RM, Bell B, Bertozzi-Villa A, Biryukov S, Bolliger I, et al. Global,
regional, and national incidence, prevalence, and years lived with disability for 301 acute
and chronic diseases and injuries in 188 countries, 1990-2013: a systematic analysis for
the Global Burden of Disease Study 2013. The Lancet. 2015 Aug 22;386(9995):743—-800.
11. Fairweather D, Cooper LT, Blauwet LA. Sex and Gender Differences in
Myocarditis and Dilated Cardiomyopathy. Curr Probl Cardiol. 2013 Jan;38(1):7—46.

12. Charpentier S, Beaune S, Joly LM, Khoury A, Duchateau FX, Briot R, et al.
Management of chest pain in the French emergency healthcare system: the prospective
observational EPIDOULTHO study. Eur J Emerg Med Off J Eur Soc Emerg Med. 2018
Dec;25(6):404-10.

13. Pasupathy S, Air T, Dreyer RP, Tavella R, Beltrame JF. Systematic review of
patients presenting with suspected myocardial infarction and nonobstructive coronary
arteries. Circulation. 2015 Mar 10;131(10):861-70.

14, Sexson Tejtel SK, Munoz FM, Al-Ammouri I, Savorgnan F, Guggilla RK, Khuri-
Bulos N, et al. Myocarditis and pericarditis: Case definition and guidelines for data
collection, analysis, and presentation of immunization safety data. Vaccine. 2022 Mar
1;40(10):1499-511.

15. Caforio ALP, Adler Y, Agostini C, Allanore Y, Anastasakis A, Arad M, et al.
Diagnosis and management of myocardial involvement in systemic immune-mediated

59



diseases: a position statement of the European Society of Cardiology Working Group on
Myocardial and Pericardial Disease. Eur Heart J. 2017 Sep 14;38(35):2649-62.

16. Tschope C, Ammirati E, Bozkurt B, Caforio ALP, Cooper LT, Felix SB, et al.
Myocarditis and inflammatory cardiomyopathy: current evidence and future directions. Nat
Rev Cardiol. 2021;18(3):169.

17.  Mills RM. Chagas Disease: Epidemiology and Barriers to Treatment. Am J Med.
2020 Nov;133(11):1262-5.

18.  Echavarria NG, Echeverria LE, Stewart M, Gallego C, Saldarriaga C. Chagas
Disease: Chronic Chagas Cardiomyopathy. Curr Probl Cardiol. 2021 Mar;46(3):100507.
19. Olejniczak M, Schwartz M, Webber E, Shaffer A, Perry TE. Viral Myocarditis—
Incidence, Diagnosis and Management. J Cardiothorac Vasc Anesth. 2020 Jun;34(6):1591—
601.

20. Cooper LT. Myocarditis. N Engl J Med. 2009 Apr 9;360(15):1526-38.

21. Kindermann I, Kindermann M, Kandolf R, Klingel K, Biiltmann B, Miiller T, et al.
Predictors of outcome in patients with suspected myocarditis. Circulation. 2008 Aug
5;118(6):639-48.

22. Kiihl U, Pauschinger M, Noutsias M, Seeberg B, Bock T, Lassner D, et al. High
prevalence of viral genomes and multiple viral infections in the myocardium of adults with
‘idiopathic’ left ventricular dysfunction. Circulation. 2005 Feb 22;111(7):887-93.

23.  Maisch B, Alter P. Treatment options in myocarditis and inflammatory
cardiomyopathy. Herz. 2018;43(5):423-30.

24.  Lampejo T, Durkin SM, Bhatt N, Guttmann O. Acute myocarditis: aetiology,
diagnosis and management. Clin Med. 2021 Sep;21(5):e505-10.

25. Forrester JD, Meiman J, Mullins J, Nelson R, Ertel SH, Cartter M, et al. Notes from
the field: update on Lyme carditis, groups at high risk, and frequency of associated sudden
cardiac death--United States. MMWR Morb Mortal Wkly Rep. 2014 Oct 31;63(43):982-3.
26.  Cimmino MA. Relative frequency of Lyme borreliosis and of its clinical
manifestations in Europe. European Community Concerted Action on Risk Assessment in
Lyme Borreliosis. Infection. 1998 Oct;26(5):298-300.

27.  Oschmann P, Dorndorf W, Hornig C, Schifer C, Wellensiek HJ, Pflughaupt KW.
Stages and syndromes of neuroborreliosis. J Neurol. 1998 May;245(5):262—72.

28.  Ross Russell AL, Dryden MS, Pinto AA, Lovett JK. Lyme disease: diagnosis and
management. Pract Neurol. 2018 Dec;18(6):455—64.

29. Lovett JK, Evans PH, O’Connell S, Gutowski NJ. Neuroborreliosis in the South
West of England. Epidemiol Infect. 2008 Dec;136(12):1707-11.

30. McAlister HF, Klementowicz PT, Andrews C, Fisher JD, Feld M, Furman S. Lyme
carditis: an important cause of reversible heart block. Ann Intern Med. 1989 Mar
1;110(5):339-45.

31.  Galazka A. The changing epidemiology of diphtheria in the vaccine era. J Infect
Dis. 2000 Feb;181 Suppl 1:S2-9.

32.  Nosanchuk JD. Fungal myocarditis. Front Biosci J Virtual Libr. 2002 Jun
1,7:d1423-1438.

33.  Moslehi J, Lichtman AH, Sharpe AH, Galluzzi L, Kitsis RN. Immune checkpoint
inhibitor—associated myocarditis: manifestations and mechanisms. J Clin Invest [Internet].
2021 Mar 3 [cited 2022 Dec 18];131(5). Available from: https://www-1ncbi-1nlm-1nih-
1gov-10013b5Swt02ab.han.medunigraz.at/pmc/articles/PMC7919710/

34.  Moslehi J, Salem JE. Immune Checkpoint Inhibitor Myocarditis Treatment
Strategies and Future Directions. JACC CardioOncology. 2022 Dec;4(5):704.

35. Fereidooni R, Shirzadi S, Ayatizadeh S, Bahloul M, et al. Scorpion envenomation-
associated myocarditis: A systematic review. PLoS Negl Trop Dis [Internet]. 2023 May 4

60



[cited 2023 Jun 9];17(4). Available from: https://pubmed-1ncbi-1nlm-1nih-1gov-
10013b51p0030.han.medunigraz.at/37018229/

36. Liu Z, Li XD, Guo BH, LiY, Zhao M, Shen HY, et al. Acute interstitial nephritis,
toxic hepatitis and toxic myocarditis following multiple Asian giant hornet stings in
Shaanxi Province, China. Environ Health Prev Med. 2016 Jul;21(4):231-6.

37.  Barton M, Finkelstein Y, Opavsky MA, Ito S, Ho T, Ford-Jones LE, et al.
Eosinophilic myocarditis temporally associated with conjugate meningococcal C and
hepatitis B vaccines in children. Pediatr Infect Dis J. 2008 Sep;27(9):831-5.

38. Arness MK, Eckart RE, Love SS, Atwood JE, Wells TS, Engler RJM, et al.
Myopericarditis following smallpox vaccination. Am J Epidemiol. 2004 Oct 1;160(7):642—
51.

39, Diaz GA, Parsons GT, Gering SK, Meier AR, Hutchinson IV, Robicsek A.
Myocarditis and Pericarditis After Vaccination for COVID-19. JAMA. 2021 Sep
28;326(12):1210-2.

40. Caforio ALP, Calabrese F, Angelini A, Tona F, Vinci A, Bottaro S, et al. A
prospective study of biopsy-proven myocarditis: prognostic relevance of clinical and
aetiopathogenetic features at diagnosis. Eur Heart J. 2007 Jun;28(11):1326-33.

41. Birnie DH, Nery PB, Ha AC, Beanlands RSB. Cardiac Sarcoidosis. J] Am Coll
Cardiol. 2016 Jul 26;68(4):411-21.

42, Caforio AL, Bonifacio E, Stewart JT, Neglia D, Parodi O, Bottazzo GF, et al.
Novel organ-specific circulating cardiac autoantibodies in dilated cardiomyopathy. J Am
Coll Cardiol. 1990 Jun;15(7):1527-34.

43, Caforio ALP, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, Felix SB, 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 J. 2013 Sep;34(33):2636—48, 2648a—
2648d.

44, Caforio AL, Grazzini M, Mann JM, Keeling PJ, Bottazzo GF, McKenna WJ, et al.
Identification of alpha- and beta-cardiac myosin heavy chain isoforms as major
autoantigens in dilated cardiomyopathy. Circulation. 1992 May;85(5):1734-42.

45. Schulze K, Becker BF, Schultheiss HP. Antibodies to the ADP/ATP carrier, an
autoantigen in myocarditis and dilated cardiomyopathy, penetrate into myocardial cells and
disturb energy metabolism in vivo. Circ Res. 1989 Feb;64(2):179-92.

46. Caforio ALP, Angelini A, Blank M, Shani A, Kivity S, Goddard G, et al. Passive
transfer of affinity-purified anti-heart autoantibodies (AHA) from sera of patients with
myocarditis induces experimental myocarditis in mice. Int J Cardiol. 2015 Jan 20;179:166—
77.

47. LiY, Heuser JS, Cunningham LC, Kosanke SD, Cunningham MW. Mimicry and
antibody-mediated cell signaling in autoimmune myocarditis. J Immunol Baltim Md 1950.
2006 Dec 1;177(11):8234—40.

48. Catlett JL, Catazaro J, Cashman M, Carr S, Powers R, Cohen MB, et al. Metabolic
Feedback Inhibition Influences Metabolite Secretion by the Human Gut Symbiont
Bacteroides thetaiotaomicron. mSystems. 2020 Sep 1;5(5):e00252-20.

49, Gil-Cruz C, Perez-Shibayama C, De Martin A, Ronchi F, van der Borght K,
Niederer R, et al. Microbiota-derived peptide mimics drive lethal inflammatory
cardiomyopathy. Science. 2019 Nov 15;366(6467):881-6.

50. Leone O, Pieroni M, Rapezzi C, Olivotto I. The spectrum of myocarditis: from
pathology to the clinics. Virchows Arch. 2019 Sep 1;475(3):279-301.

51.  Kindermann I, Barth C, Mahfoud F, Ukena C, et al. Update on Myocarditis. J] Am
Coll Cardiol. 2012 Feb 28;59(9):779-92.

61



52.  Cooper LT. Eosinophilic Myocarditis as a Cause of Acute Cardiac Syndromes: The
Importance of Awareness. J] Am Coll Cardiol [Internet]. 2017 Jul 11 [cited 2022 Aug
16];70(19). Available from: https://pubmed-1ncbi-1nlm-1nih-1gov-
10013b50m000d.han.medunigraz.at/29096808/?dopt=Abstract

53.  Cooper L, Berry G, Shabetai R. Idiopathic giant-cell myocarditis--natural history
and treatment. Multicenter Giant Cell Myocarditis Study Group Investigators. N Engl J
Med [Internet]. 1997 Jun 26 [cited 2022 Aug 16];336(26). Available from: https://pubmed-
Incbi-1nlm-1nih-1gov-10013b50m000d.han.medunigraz.at/9197214/?dopt=Abstract

54. Cooper LT. Giant cell and granulomatous myocarditis. Heart Fail Clin [Internet].
2005 Oct [cited 2022 Aug 16];1(3). Available from: https://pubmed-1ncbi-1nlm-1nih-
1gov-10013b50m000d.han.medunigraz.at/17386865/?dopt=Abstract

55. Yusuf S, Sharma J, Durand J, Banchs J. Endocarditis and myocarditis: a brief
review. Expert Rev Cardiovasc Ther [Internet]. 2012 Sep [cited 2022 Aug 16];10(9).
Available from: https://pubmed-Incbi-Inlm-1nih-1gov-
10013b50m0036.han.medunigraz.at/23098151/?dopt=Abstract

56. Luk A, Metawee M, Ahn E, Gustafsson F, et al. Do clinical diagnoses correlate
with pathological diagnoses in cardiac transplant patients? The importance of
endomyocardial biopsy. Can J Cardiol [Internet]. 2009 Feb [cited 2022 Aug 16];25(2).
Available from: https://pubmed-1ncbi-1nlm-1nih-1gov-
10013b50m0036.han.medunigraz.at/19214301/?dopt=Abstract

57. Sohn D, Park J, Lee S, Kim H, et al. Viewpoints in the diagnosis and treatment of
cardiac sarcoidosis: Proposed modification of current guidelines. Clin Cardiol [Internet].
2018 Oct [cited 2022 Aug 16];41(10). Available from: https://pubmed-1ncbi-Inlm-1nih-
1gov-10013b50m0036.han.medunigraz.at/30144116/?dopt=Abstract

58. Kandolin R, Lehtonen J, Airaksinen J, Vihinen T, et al. Cardiac sarcoidosis:
epidemiology, characteristics, and outcome over 25 years in a nationwide study.
Circulation [Internet]. 2015 Feb 17 [cited 2022 Aug 16];131(7). Available from:
https://pubmed-1ncbi-1nlm-1nih-1gov-
10013b50m0036.han.medunigraz.at/25527698/?dopt=Abstract

59. Kociol RD, Cooper LT, Fang JC, Moslehi JJ, Pang PS, Sabe MA, et al. Recognition
and Initial Management of Fulminant Myocarditis: A Scientific Statement From the
American Heart Association. Circulation. 2020 Feb 11;141(6):€69-92.

60. Ammirati E, Cipriani M, Moro C, Raineri C, Pini D, Sormani P, et al. Clinical
Presentation and Outcome in a Contemporary Cohort of Patients With Acute Myocarditis:
Multicenter Lombardy Registry. Circulation. 2018 Sep 11;138(11):1088-99.

61. Pauschinger M, Noutsias M, Lassner D, Schultheiss HP, Kuehl U. Inflammation,
ECG changes and pericardial effusion | SpringerLink [Internet]. 2006 [cited 2022 Aug 29].
Available from: https://link.springer.com/article/10.1007/s00392-006-0427-2

62.  Heymans S. Myocarditis and heart failure: need for better diagnostic, predictive,
and therapeutic tools. Eur Heart J. 2007 Jun;28(11):1279-80.

63. Gilotra N, Minkove N, Bennett M, Tedford R, et al. Lack of Relationship Between
Serum Cardiac Troponin I Level and Giant Cell Myocarditis Diagnosis and Outcomes. J
Card Fail [Internet]. 2016 Jul [cited 2022 Aug 14];22(7). Available from: https://pubmed-
Incbi-1nlm-1nih-1gov-10013b58700fb.han.medunigraz.at/26768222/

64. Stork S, Boivin V, Horf R, Hein L, Lohse MJ, Angermann CE, et al. Stimulating
autoantibodies directed against the cardiac betal-adrenergic receptor predict increased
mortality in idiopathic cardiomyopathy. Am Heart J. 2006 Oct;152(4):697—704.

65. Mahfoud F, Gértner B, Kindermann M, Ukena C, Gadomski K, Klingel K, et al.
Virus serology in patients with suspected myocarditis: utility or futility? Eur Heart J. 2011
Apr;32(7):897-903.

62



66. Coronado MJ, Bruno KA, Blauwet LA, Tschope C, Cunningham MW, Pankuweit
S, et al. Elevated Sera sST2 Is Associated With Heart Failure in Men <50 Years Old With
Myocarditis. ] Am Heart Assoc. 2019 Jan 22;8(2):e008968.

67. Miiller I, Vogl T, Kiihl U, Krannich A, Banks A, Trippel T, et al. Serum alarmin
S100A8/S100A9 levels and its potential role as biomarker in myocarditis. ESC Heart Fail.
2020 Aug;7(4):1442-51.

68. Blanco-Dominguez R, Sanchez-Diaz R, Fuente H de la, Jiménez-Borreguero LJ,
Matesanz-Marin A, Relano M, et al. A Novel Circulating MicroRNA for the Detection of
Acute Myocarditis. N Engl J Med. 2021 May 5;384(21):2014.

69. Sozzi FB, Gherbesi E, Faggiano A, Gnan E, Maruccio A, Schiavone M, et al. Viral
Myocarditis: Classification, Diagnosis, and Clinical Implications. Front Cardiovasc Med
[Internet]. 2022 [cited 2022 Aug 29];9. Available from: https://www-1ncbi-Inlm-1nih-
1gov-10013b5600013.han.medunigraz.at/pmc/articles/PMC9250986/

70. Pinamonti B, Alberti E, Cigalotto A, Dreas L, Salvi A, Silvestri F, et al.
Echocardiographic findings in myocarditis. Am J Cardiol. 1988 Aug 1;62(4):285-91.

71. Logstrup B, Nielsen J, Kim W, Poulsen S. Myocardial oedema in acute myocarditis
detected by echocardiographic 2D myocardial deformation analysis. Eur Heart J
Cardiovasc Imaging [Internet]. 2016 Sep [cited 2022 Aug 29];17(9). Available from:
https://pubmed-1ncbi-1nlm-1nih-1gov-10013b5610080.han.medunigraz.at/26588987/

72. Authors/Task Force Members, McMurray JJV, Adamopoulos S, Anker SD,
Auricchio A, Bohm M, et al. ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure 2012: The Task Force for the Diagnosis and Treatment of Acute and
Chronic Heart Failure 2012 of the European Society of Cardiology. Developed in
collaboration with the Heart Failure Association (HFA) of the ESC. Eur Heart J. 2012 Jul
1;33(14):1787-847.

73. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, 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. Eur Heart J. 2021 Sep 21;42(36):3599-726.
74. Ferreira VM, Schulz-Menger J, Holmvang G, Kramer CM, Carbone I, Sechtem U,
et al. Cardiovascular Magnetic Resonance in Nonischemic Myocardial Inflammation:
Expert Recommendations. J] Am Coll Cardiol. 2018 Dec 18;72(24):3158-76.

75.  Friedrich MG, Sechtem U, Schulz-Menger J, Holmvang G, Alakija P, Cooper LT,
et al. Cardiovascular Magnetic Resonance in Myocarditis: A JACC White Paper. ] Am
Coll Cardiol. 2009 Apr 28;53(17):1475-87.

76. Luetkens JA, Faron A, Isaak A, Dabir D, Kuetting D, Feisst A, et al. Comparison of
Original and 2018 Lake Louise Criteria for Diagnosis of Acute Myocarditis: Results of a
Validation Cohort. Radiol Cardiothorac Imaging [Internet]. 2019 Aug [cited 2023 Aug
25];1(3). Available from: https://www-1ncbi-1nlm-1nih-1gov-
10013b5330b89.han.medunigraz.at/pmc/articles/PMC7978026/

77. De Cobelli F, Pieroni M, Esposito A, Chimenti C, Belloni E, Mellone R, et al.
Delayed Gadolinium-Enhanced Cardiac Magnetic Resonance in Patients With Chronic
Myocarditis Presenting With Heart Failure or Recurrent Arrhythmias. J Am Coll Cardiol.
2006 Apr 18;47(8):1649-54.

78. Aquaro G, Ghebru Habtemicael Y, Camastra G, Monti L, et al. Prognostic Value of
Repeating Cardiac Magnetic Resonance in Patients With Acute Myocarditis. ] Am Coll
Cardiol [Internet]. 2019 Nov 19 [cited 2022 Aug 21];74(20). Available from:
https://pubmed- Incbi-Inlm-1nih-1gov-10013b560005¢c.han.medunigraz.at/31727281/

79. Grini C, Eichhorn C, Bicre L, Murthy V, et al. Prognostic Value of Cardiac

63



Magnetic Resonance Tissue Characterization in Risk Stratifying Patients With Suspected
Myocarditis. ] Am Coll Cardiol [Internet]. 2017 Oct 17 [cited 2022 Aug 21];70(16).
Available from: https://pubmed-1ncbi-1nlm-1nih-1gov-
10013b5600056.han.medunigraz.at/29025553/

80. Schelbert EB, Piehler KM, Zareba KM, Moon JC, Ugander M, Messroghli DR, et
al. Myocardial Fibrosis Quantified by Extracellular Volume Is Associated With
Subsequent Hospitalization for Heart Failure, Death, or Both Across the Spectrum of
Ejection Fraction and Heart Failure Stage. J] Am Heart Assoc Cardiovasc Cerebrovasc Dis.
2015 Dec 18;4(12):¢002613.

81. Nathan M, Ying LC, Pierre C, David B, Jodo L. Assessment of Myocardial Fibrosis
with Cardiac Magnetic Resonance. ] Am Coll Cardiol. 2011 Feb 22;57(8):891-903.

82. Berg J, Kottwitz J, Baltensperger N, Kissel CK, Lovrinovic M, Mehra T, et al.
Cardiac Magnetic Resonance Imaging in Myocarditis Reveals Persistent Disease Activity
Despite Normalization of Cardiac Enzymes and Inflammatory Parameters at 3-Month
Follow-Up. Circ Heart Fail. 2017 Nov;10(11):¢004262.

83. Francone M, Chimenti C, Galea N, Scopelliti F, Verardo R, Galea R, et al. CMR
Sensitivity Varies With Clinical Presentation and Extent of Cell Necrosis in Biopsy-Proven
Acute Myocarditis. JACC Cardiovasc Imaging. 2014 Mar 1;7(3):254—63.

84. Laissy JP, Hyafil F, Feldman LJ, Juliard JM, Schouman-Claeys E, Steg PG, et al.
Differentiating Acute Myocardial Infarction from Myocarditis: Diagnostic Value of Early-
and Delayed-Perfusion Cardiac MR Imaging. Radiology. 2005 Oct;237(1):75-82.

85. Ferreira VM, Piechnik SK, Dall’ Armellina E, Karamitsos TD, Francis JM, Ntusi N,
et al. T1 Mapping for the Diagnosis of Acute Myocarditis Using CMR: Comparison to T2-
Weighted and Late Gadolinium Enhanced Imaging. JACC Cardiovasc Imaging. 2013 Oct
1;6(10):1048-58.

86. Heidecker B, Ruedi G, Baltensperger N, Gresser E, Kottwitz J, Berg J, et al.
Systematic use of cardiac magnetic resonance imaging in MINOCA led to a five-fold
increase in the detection rate of myocarditis: a retrospective study. Swiss Med Wkly. 2019
Jul 1;149:w20098.

87. Brambatti M, Matassini MV, Adler ED, Klingel K, Camici PG, Ammirati E.
Eosinophilic Myocarditis: Characteristics, Treatment, and Outcomes. J Am Coll Cardiol.
2017 Nov 7;70(19):2363-75.

88.  Peretto G, Sala S, De Luca G, Campochiaro C, Sartorelli S, Cappelletti AM, et al.
Impact of systemic immune-mediated diseases on clinical features and prognosis of
patients with biopsy-proved myocarditis. Int J Cardiol. 2019 Apr 1;280:110-6.

89. Tanacli R, Hashemi D, Lapinskas T, Edelmann F, Gebker R, Pedrizzetti G, et al.
Range Variability in CMR Feature Tracking Multilayer Strain across Different Stages of
Heart Failure. Sci Rep. 2019 Nov 11;9:16478.

90. Cooper LT, Baughman KL, Feldman AM, Frustaci A, Jessup M, Kuhl U, 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 Endorsed by the Heart Failure Society of America and
the Heart Failure Association of the European Society of Cardiology. Eur Heart J. 2007
Dec;28(24):3076-93.

91. Hu JR, Florido R, Lipson EJ, Naidoo J, Ardehali R, Tocchetti CG, et al.
Cardiovascular toxicities associated with immune checkpoint inhibitors. Cardiovasc Res.
2019 Apr 15;115(5):854-68.

92. Aretz HT, Billingham ME, Edwards WD, Factor SM, Fallon JT, Fenoglio JJ, et al.
Myocarditis. A histopathologic definition and classification. Am J Cardiovasc Pathol. 1987
Jan;1(1):3-14.

64



93.  Frey N, Meder B, Katus HA. Left Ventricular Biopsy in the Diagnosis of
Myocardial Diseases. Circulation. 2018 Mar 6;137(10):993-5.

94.  Baughman KL. Diagnosis of myocarditis: death of Dallas criteria. Circulation. 2006
Jan 31;113(4):593-5.

95. Leone O, Veinot JP, Angelini A, Baandrup UT, Basso C, Berry G, et al. 2011
Consensus statement on endomyocardial biopsy from the Association for European
Cardiovascular Pathology and the Society for Cardiovascular Pathology. Cardiovasc
Pathol. 2012 Jul;21(4):245-74.

96. Calabrese F, Thiene G. Myocarditis and inflammatory cardiomyopathy:
microbiological and molecular biological aspects. Cardiovasc Res. 2003 Oct 15;60(1):11—
25.

97. Seidman MA, McManus BM. Chapter 9 - Myocarditis. In: Buja LM, Butany J,
editors. Cardiovascular Pathology (Fourth Edition) [Internet]. San Diego: Academic Press;
2016 [cited 2022 Aug 26]. p. 341-59. Available from:
https://www.sciencedirect.com/science/article/pii/B9780124202191000094

98. Lam KM, Oldenburg N, Khan MA, Gaylore V, Mikhail GW, Strouhal PD, et al.
Significance of reverse transcription polymerase chain reaction in the detection of human
cytomegalovirus gene transcripts in thoracic organ transplant recipients. J Heart Lung
Transplant Off Publ Int Soc Heart Transplant. 1998 Jun;17(6):555-65.

99. Pauschinger M, Phan MD, Doerner A, Kuehl U, Schwimmbeck PL, Poller W, et al.
Enteroviral RNA replication in the myocardium of patients with left ventricular
dysfunction and clinically suspected myocarditis. Circulation. 1999 Feb 23;99(7):889-95.
100. Okabe M, Fukuda K, Arakawa K, Kikuchi M. Chronic variant of myocarditis
associated with hepatitis C virus infection. Circulation. 1997 Jul 1;96(1):22—4.

101.  Lassner D, Kiihl U, Siegismund CS, Rohde M, Elezkurtaj S, Escher F, et al.
Improved diagnosis of idiopathic giant cell myocarditis and cardiac sarcoidosis by
myocardial gene expression profiling. Eur Heart J. 2014 Aug 21;35(32):2186-95.

102. Holzmann M, Nicko A, Kiihl U, Noutsias M, Poller W, Hoffmann W, et al.
Complication rate of right ventricular endomyocardial biopsy via the femoral approach: a
retrospective and prospective study analyzing 3048 diagnostic procedures over an 11-year
period. Circulation. 2008 Oct 21;118(17):1722-8.

103. Hill KD, Atkinson JB, Doyle TP, Dodd D. Routine performance of endomyocardial
biopsy decreases the incidence of orthotopic heart transplant for myocarditis. J Heart Lung
Transplant Off Publ Int Soc Heart Transplant. 2009 Dec;28(12):1261-6.

104. Yilmaz A, Kindermann I, Kindermann M, Mahfoud F, Ukena C, Athanasiadis A, et
al. Comparative evaluation of left and right ventricular endomyocardial biopsy: differences
in complication rate and diagnostic performance. Circulation. 2010 Aug 31;122(9):900-9.
105. Ahmed T, Goyal A. Endomyocardial Biopsy. In: StatPearls [Internet]. Treasure
Island (FL): StatPearls Publishing; 2022 [cited 2022 Aug 29]. Available from:
http://www.ncbi.nlm.nih.gov/books/NBK 557597/

106.  Shields RC, Tazelaar HD, Berry GJ, Cooper LT. The role of right ventricular
endomyocardial biopsy for idiopathic giant cell myocarditis. J Card Fail. 2002
Apr;8(2):74-8.

107.  Sekiguchi M, Hiroe M, Take M, Hirosawa K. Clinical and histopathological profile
of sarcoidosis of the heart and acute idiopathic myocarditis. Concepts through a study
employing endomyocardial biopsy. II. Myocarditis. Jpn Circ J. 1980 Apr;44(4):264—73.
108. Narula J, Khaw BA, Dec GW, Palacios IF, Newell JB, Southern JF, et al.
Diagnostic accuracy of antimyosin scintigraphy in suspected myocarditis. J Nucl Cardiol
Off Publ Am Soc Nucl Cardiol. 1996 Oct;3(5):371-81.

109. Chow LH, Radio SJ, Sears TD, McManus BM. Insensitivity of right ventricular

65



endomyocardial biopsy in the diagnosis of myocarditis. J] Am Coll Cardiol. 1989
Oct;14(4):915-20.

110. Hauck AJ, Kearney DL, Edwards WD. Evaluation of postmortem endomyocardial
biopsy specimens from 38 patients with lymphocytic myocarditis: implications for role of
sampling error. Mayo Clin Proc. 1989 Oct;64(10):1235-45.

111. Bennett M, Gilotra N, Harrington C, Rao S, et al. Evaluation of the role of
endomyocardial biopsy in 851 patients with unexplained heart failure from 2000-2009.
Circ Heart Fail [Internet]. 2013 Jul [cited 2022 Aug 14];6(4). Available from:
https://pubmed-1ncbi-1nlm-1nih-1gov-10013b58700fb.han.medunigraz.at/23733916/

112.  Singh V, Mendirichaga R, Savani G, Rodriguez A, et al. 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 [Internet].
2018 Jan 2 [cited 2022 Aug 14];121(3). Available from: https://pubmed- Incbi-1nlm-Inih-
1gov-10013b58700fb.han.medunigraz.at/29197471/

113. Elbadawi A, Elgendy I'Y, Ha LD, Mentias A, Ogunbayo GO, Tahir MW, et al.
National Trends and Outcomes of Endomyocardial Biopsy for Patients With Myocarditis:
From the National Inpatient Sample Database. J Card Fail. 2018 May;24(5):33741.

114.  Asher A. A review of endomyocardial biopsy and current practice in England: out
of date or underutilised? - The British Journal of Cardiology [Internet]. 2017 [cited 2022
Sep 12]. Available from: https://bjcardio.co.uk/2017/07/a-review-of-endomyocardial-
biopsy-and-current-practice-in-england-out-of-date-or-underutilised/

115.  Van Linthout S, Tschope C. Lost in markers? Time for phenomics and
phenomapping in dilated cardiomyopathy. Eur J Heart Fail. 2017 Apr;19(4):499-501.

116. Heidecker B, Kittleson MM, Kasper EK, Wittstein IS, Champion HC, Russell SD,
et al. Transcriptomic biomarkers for the accurate diagnosis of myocarditis. Circulation.
2011 Mar 22;123(11):1174-84.

117.  Friman G, Wesslén L, Karjalainen J, Rolf C. Infectious and lymphocytic
myocarditis: epidemiology and factors relevant to sports medicine. Scand J Med Sci
Sports. 2007 Jan 30;5(5):269-78.

118.  Maron BJ, Ackerman MJ, Nishimura RA, Pyeritz RE, Towbin JA, Udelson JE.
Task Force 4: HCM and other cardiomyopathies, mitral valve prolapse, myocarditis, and
Marfan syndrome. J Am Coll Cardiol. 2005 Apr 19;45(8):1340-5.

119.  McMurray JIV, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, et al.
Angiotensin-neprilysin inhibition versus enalapril in heart failure. N Engl J Med. 2014 Sep
11;371(11):993-1004.

120. Kapur NK, Davila CD, Jumean MF. Integrating Interventional Cardiology and
Heart Failure Management for Cardiogenic Shock. Interv Cardiol Clin. 2017 Jul;6(3):481—
5.

121.  Tschope C, Van Linthout S, Klein O, Mairinger T, et al. Mechanical Unloading by
Fulminant Myocarditis: LV-IMPELLA, ECMELLA, BI-PELLA, and PROPELLA
Concepts. J Cardiovasc Transl Res [Internet]. 2019 Apr [cited 2023 Aug 8];12(2).
Available from: https://pubmed-1ncbi-Inlm-1nih-1gov-
10013b5nz03dd.han.medunigraz.at/30084076/

122.  Maron BJ. Sudden death in hypertrophic cardiomyopathy. J Cardiovasc Transl Res.
2009 Dec;2(4):368-80.

123.  Zipes DP, Camm AlJ, Borggrefe M, Buxton AE, Chaitman B, Fromer M, et al.
ACC/AHA/ESC 2006 guidelines for management of patients with ventricular arrhythmias
and the prevention of sudden cardiac death: a report of the American College of
Cardiology/American Heart Association Task Force and the European Society of
Cardiology Committee for Practice Guidelines (Writing Committee to Develop guidelines

66



for management of patients with ventricular arrhythmias and the prevention of sudden
cardiac death) developed in collaboration with the European Heart Rhythm Association
and the Heart Rhythm Society. Eur Eur Pacing Arrhythm Card Electrophysiol J Work
Groups Card Pacing Arrhythm Card Cell Electrophysiol Eur Soc Cardiol. 2006
Sep;8(9):746—-837.

124. Merken J, Hazebroek M, Van Paassen P, Verdonschot J, Van Empel V, Knackstedt
C, et al. Immunosuppressive Therapy Improves Both Short- and Long-Term Prognosis in
Patients With Virus-Negative Nonfulminant Inflammatory Cardiomyopathy. Circ Heart
Fail. 2018 Feb;11(2):e004228.

125. Kleinert S, Weintraub RG, Wilkinson JL, Chow CW. Myocarditis in children with
dilated cardiomyopathy: incidence and outcome after dual therapy immunosuppression. J
Heart Lung Transplant Off Publ Int Soc Heart Transplant. 1997 Dec;16(12):1248-54.

126. De Luca G, Campochiaro C, Sartorelli S, Peretto G, Sala S, Palmisano A, et al.
Efficacy and safety of mycophenolate mofetil in patients with virus-negative lymphocytic
myocarditis: A prospective cohort study. J Autoimmun. 2020 Jan;106:102330.

127. Dandel M, Wallukat G, Englert A, Lehmkuhl HB, Knosalla C, Hetzer R. Long-term
benefits of immunoadsorption in B(1)-adrenoceptor autoantibody-positive transplant
candidates with dilated cardiomyopathy. Eur J Heart Fail. 2012 Dec;14(12):1374-88.

128.  Felix SB, Staudt A, Dorffel WV, Stangl V, Merkel K, Pohl M, et al. Hemodynamic
effects of immunoadsorption and subsequent immunoglobulin substitution in dilated
cardiomyopathy: three-month results from a randomized study. J Am Coll Cardiol. 2000
May;35(6):1590-8.

129. Diingen HD, Dordevic A, Felix SB, Pieske B, Voors AA, McMurray JJV, et al. B1-
Adrenoreceptor Autoantibodies in Heart Failure: Physiology and Therapeutic Implications.
Circ Heart Fail. 2020 Jan;13(1):e006155.

130.  Schultheiss HP, Piper C, Sowade O, Waagstein F, Kapp JF, Wegscheider K, et al.
Betaferon in chronic viral cardiomyopathy (BICC) trial: Effects of interferon-f treatment
in patients with chronic viral cardiomyopathy. Clin Res Cardiol Off J Ger Card Soc. 2016
Sep;105(9):763-73.

131.  Tschope C, Van Linthout S, Spillmann F, Posch MG, Reinke P, Volk HD, et al.
Targeting CD20+ B-lymphocytes in inflammatory dilated cardiomyopathy with rituximab
improves clinical course: a case series. Eur Heart J Case Rep. 2019 Sep 1;3(3):ytz131.

132. Kiihl U, Lassner D, Wallaschek N, Gross UM, Krueger GRF, Seeberg B, et al.
Chromosomally integrated human herpesvirus 6 in heart failure: prevalence and treatment.
Eur J Heart Fail. 2015 Jan;17(1):9-19.

133.  Tschope C, Elsanhoury A, Schlieker S, Van Linthout S, Kiihl U.
Immunosuppression in inflammatory cardiomyopathy and parvovirus B19 persistence. Eur
J Heart Fail. 2019 Nov;21(11):1468-9.

134.  Van Linthout S, Elsanhoury A, Klein O, Sosnowski M, Miteva K, Lassner D, et al.
Telbivudine in chronic lymphocytic myocarditis and human parvovirus B19 transcriptional
activity. ESC Heart Fail. 2018 Oct;5(5):818-29.

135.  Tschope C, Cooper LT, Torre-Amione G, Van Linthout S. Management of
Myocarditis-Related Cardiomyopathy in Adults. Circ Res. 2019 May 24;124(11):1568-83.
136. D’Ambrosio A, Patti G, Manzoli A, Sinagra G, Di Lenarda A, Silvestri F, et al. The
fate of acute myocarditis between spontaneous improvement and evolution to dilated
cardiomyopathy: a review. Heart Br Card Soc. 2001 May;85(5):499-504.

137. Dec GW, Palacios IF, Fallon JT, Aretz HT, Mills J, Lee DC, et al. Active
myocarditis in the spectrum of acute dilated cardiomyopathies. Clinical features, histologic
correlates, and clinical outcome. N Engl J Med. 1985 Apr 4;312(14):885-90.

138. Harding D, Chong MHA, Lahoti N, Bigogno CM, Prema R, Mohiddin SA, et al.

67



Dilated cardiomyopathy and chronic cardiac inflammation: Pathogenesis, diagnosis and
therapy. J Intern Med [Internet]. [cited 2022 Aug 31];n/a(n/a). Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1111/joim.13556

139. Piccirillo F, Nusca A, Di Sciascio G. Incidence, diagnosis, and prognosis of
myocarditis: does gender matter? Pol Arch Intern Med. 2022 Apr 28;132(4):16246.

140. Ozieranski K, Tyminska A, Chabior A, Kruk M, Kon B, Maciejewski C, et al. Sex
differences in incidence, management, and outcomes in adult patients aged over 20 years
with clinically diagnosed myocarditis in the last 10 years: data from the MYO-PL
nationwide database. Pol Arch Intern Med. 2022 Apr 28;132(4):16199.

141. Griin S, Schumm J, Greulich S, Wagner A, Schneider S, Bruder O, et al. Long-
Term Follow-Up of Biopsy-Proven Viral Myocarditis. ] Am Coll Cardiol. 2012
May;59(18):1604—15.

142. Sanguineti F, Garot P, Mana M, O’h-Ici D, Hovasse T, Unterseeh T, et al.
Cardiovascular magnetic resonance predictors of clinical outcome in patients with
suspected acute myocarditis. J Cardiovasc Magn Reson. 2015 Aug 29;17(1):78.

143.  Arola A, Pikkarainen E, Sipild JO, Pykéri J, Rautava P, Kyt V. Occurrence and
Features of Childhood Myocarditis: A Nationwide Study in Finland. J] Am Heart Assoc.
6(11):e005306.

144.  Sinagra G, Anzini M, Pereira NL, Bussani R, Finocchiaro G, Bartunek J, et al.
Myocarditis in Clinical Practice. Mayo Clin Proc. 2016 Sep;91(9):1256—66.

145.  Piccirillo F, Watanabe M, Di Sciascio G. Diagnosis, treatment and predictors of
prognosis of myocarditis. A narrative review. Cardiovasc Pathol. 2021 Sep 1;54:107362.
146. Rosier L, Zouaghi A, Barré¢ V, Martins R, Probst V, Marijon E, et al. High Risk of
Sustained Ventricular Arrhythmia Recurrence After Acute Myocarditis. J Clin Med. 2020
Mar 20;9(3):E848.

147. Adegbala O, Olagoke O, Akintoye E, Adejumo AC, Oluwole A, Jara C, et al.
Predictors, Burden, and the Impact of Arrhythmia on Patients Admitted for Acute
Myocarditis. Am J Cardiol. 2019 Jan 1;123(1):139-44.

148. Yang YW, Wu CH, Ko WJ, Wu VC, Chen JS, Chou NK, et al. Prevalence of acute
kidney injury and prognostic significance in patients with acute myocarditis. PloS One.
2012;7(10):e48055.

149.  Vincent JL, Moreno R, Takala J, Willatts S, De Mendonga A, Bruining H, et al.
The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ
dysfunction/failure. On behalf of the Working Group on Sepsis-Related Problems of the
European Society of Intensive Care Medicine. Intensive Care Med. 1996 Jul;22(7):707-10.
150. Sun D, Ding H, Zhao C, Li Y, Wang J, Yan J, et al. Value of SOFA, APACHE IV
and SAPS II scoring systems in predicting short-term mortality in patients with acute
myocarditis. Oncotarget. 2017 Sep 8;8(38):63073-83.

151. Ukena C, Mahfoud F, Kindermann I, Kandolf R, Kindermann M, B6hm M.
Prognostic electrocardiographic parameters in patients with suspected myocarditis. Eur J
Heart Fail. 2011;13(4):398-405.

152.  Butta C, Zappia L, Laterra G, Roberto M. Diagnostic and prognostic role of
electrocardiogram in acute myocarditis: A comprehensive review. Ann Noninvasive
Electrocardiol Off J Int Soc Holter Noninvasive Electrocardiol Inc. 2020 May;25(3).

153. Ammirati E, Veronese G, Bottiroli M, Wang DW, Cipriani M, Garascia A, et al.
Update on acute myocarditis. Trends Cardiovasc Med. 2021 Aug;31(6):370-9.

154. Ukena C, Kindermann M, Mahfoud F, Geisel J, Lepper PM, Kandolf R, et al.
Diagnostic and prognostic validity of different biomarkers in patients with suspected
myocarditis. Clin Res Cardiol Off J Ger Card Soc. 2014 Sep;103(9):743-51.

155.  Yu SR, Zhang CY, Xiong WJ, Chen JT, Song JX, Chen H. An Hypothesis:

68



Disproportion Between Cardiac Troponin and B-Type Natriuretic Peptide Levels-A High
Risk and Poor Prognostic Biomarker in Patients With Fulminant Myocarditis? Heart Lung
Circ. 2021 Jun;30(6):837-42.

156. Anzini M, Merlo M, Sabbadini G, Barbati G, Finocchiaro G, Pinamonti B, et al.
Long-term evolution and prognostic stratification of biopsy-proven active myocarditis.
Circulation. 2013 Nov 26;128(22):2384-94.

157. Merlo M, Ammirati E, Gentile P, Artico J, Cannata A, Finocchiaro G, et al.
Persistent left ventricular dysfunction after acute lymphocytic myocarditis: Frequency and
predictors. PloS One. 2019;14(3):€0214616.

158. XuM, Jiang T, Zhou Y, Yang X. Influence of echocardiographic measurements
and renal impairments on the prognosis of fulminant myocarditis. Medicine (Baltimore).
2018 Feb 2;97(5):¢9812.

159. Awadalla M, Mahmood SS, Groarke JD, Hassan MZO, Nohria A, Rokicki A, et al.
Global Longitudinal Strain and Cardiac Events in Patients With Immune Checkpoint
Inhibitor-Related Myocarditis. ] Am Coll Cardiol. 2020 Feb 11;75(5):467-78.

160. Greulich S, Seitz A, Miiller KAL, Griin S, Ong P, Ebadi N, et al. Predictors of
Mortality in Patients With Biopsy-Proven Viral Myocarditis: 10-Year Outcome Data. J] Am
Heart Assoc. 2020 Aug 18;9(16):e015351.

161. Chen WH, Guo YS, Zhang DH, Zhang HJ. Long-Term Prognosis of Suspected
Myocarditis and Cardiomyopathy Associated with Viral Infection of the Myocardial
Tissue: A Meta-Analysis of Cohort Studies. Cardiovasc Ther. 2019;2019:9342792.

162. BergJ, Lovrinovic M, Baltensperger N, Kissel CK, Kottwitz J, Manka R, et al.
Non-steroidal anti-inflammatory drug use in acute myopericarditis: 12-month clinical
follow-up. Open Heart. 2019 Apr 1;6(1):¢000990.

163. Lurz P, Luecke C, Eitel I, Fohrenbach F, Frank C, Grothoff M, et al.
Comprehensive Cardiac Magnetic Resonance Imaging in Patients With Suspected
Myocarditis: The MyoRacer-Trial. ] Am Coll Cardiol. 2016 Apr 19;67(15):1800-11.

69



	Abstract in German
	Abstract in English
	Table of contents
	List of figures
	List of tables
	1 Introduction
	1.1 Definition of myocarditis
	1.2 Epidemiology of myocarditis
	1.3 Etiology of myocarditis
	1.3.1 Viral etiology
	1.3.1.1 Non-viral infectious etiology

	1.3.2 Non-infectious etiology

	1.4 Classification of myocarditis
	1.4.1 Histological classification

	1.5 Signs and symptoms of myocarditis
	1.6 Diagnosis of myocarditis
	1.6.1 ECG
	1.6.2 Serological markers
	1.6.3 Echocardiography
	1.6.4 Cardiac MRI
	1.6.5 Endomyocardial biopsy
	1.6.6 Nuclear medicine

	1.7 Therapy of myocarditis
	1.7.1 Supportive therapy
	1.7.2 Etiology directed therapy

	1.8 Prognosis of myocarditis
	1.8.1 Prognostic factors


	2 Aim of this thesis
	3 Methods
	3.1 Collection of data
	3.2 Inclusion criteria
	3.3 EMB data
	3.4 CMR data
	3.5 Statistics
	3.6 Ethics Vote

	4 Results
	4.1 Descriptive statistics of the patient cohort
	4.1.1 General Demographics
	4.1.2 CMR findings
	4.1.3 EMB findings

	4.2 Comparison of inflammatory diagnoses in CMR and EMB
	4.3 Comparison of all CMR and EMB diagnoses
	4.4 Sub analysis: Does the performance of EMB prior to CMR lead to false positive myocarditis diagnoses?
	4.4.1 Significance of findings


	5 Discussion
	5.1 Study population
	5.2 Myocarditis diagnoses in EMB and CMR
	5.3 Concordance of CMR and EMB diagnoses
	5.4 Impact of performing EMB prior to or after CMR on diagnostic concordance
	5.5 Strengths and limitations
	5.5.1 Study design
	5.5.2 Inclusion process / study group
	5.5.3 Myocarditis diagnoses in CMR
	5.5.4 Suggestions for additional analyses

	5.6 Implications for theory and clinical practice
	5.7 Conclusion

	List of References



