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1 Introduction

1.1 Myocarditis

Myocarditis means myocardial inflammation per se. The inflammatory process can also
spread to the other heart wall layers, resulting in perimyocarditis or pancarditis.
Myocarditis affects people of all ages and is the leading cause of heart failure in
individuals under 40 years of age (1-5). In fact, myocardial involvement is estimated in
up to five percent of all viral diseases, including the coronavirus disease 2019 (COVID-
19) (6,7). The disease is likely to be underdiagnosed; thus, the worldwide incidence of
up to 14 per 100,000 people per year might be considerably underestimated (2,8).

The causes of myocarditis can be very diverse. In Western civilization, it is most
commonly caused by viral infections, often herpes viruses (e.g., Epstein-Barr virus,
human herpesvirus type 6, human cytomegalovirus), coxsackieviruses of group A and
B, and parvovirus B19 (9). Also, the novel coronavirus, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (10,11), and vaccination against it (12) can lead
to myocarditis. Other potential pathogens are staphylococci, streptococci, Borrelia
burgdorferi, several parasites, and fungal infections, the latter often in case of
immunosuppression. Autoimmune diseases, radiation, and toxic substances such as
medicaments, cytostatic drugs, heavy metals, and alcohol are known to be non-
infectious causes of myocarditis (9). For more detailed information on the causes of
myocarditis, please refer to Table 1.

Concerning pathophysiological processes in typical acute myocarditis, damage to
cardiomyocytes is based on the pathogen itself, the body’s immune response to it, and
potentially resulting autoimmunologic reactions. The disease can become chronic if
pathogens are not entirely eliminated or the immune response does not stop (13). The
predominant type of infiltrating cells in the myocardium is used to classify myocarditis
histopathologically into lymphocytic, granulomatous, eosinophilic, and giant-cell
myocarditis (2).

Regarding the course of the disease, acute, fulminant, subacute, or chronic forms of
myocarditis can be distinguished, albeit with heterogeneous definitions and fluent

transitions between these (2,13). Table 2 summarizes the different forms of myocarditis.



Table 1. Causes of myocarditis, modified according to Lampejo et al. and Caforio et al.

(2,14)

Infections

Bacterial

Fungal
Protozoal
Parasitic

Rickettsial

Toxins

Drugs

Animal bites and stings
Physical pathogens

Heavy metals

Immune-associated causes

Allergic

Transplant rejection

Systemic autoreactive
disorders

e.g., herpes viruses (e.g., Epstein-Barr virus, human
herpesvirus type 6, human cytomegalovirus), enteroviruses
(e.g., coxsackieviruses A and B), adenoviruses, parvovirus B19,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) and human immunodeficiency virus-1 (HIV-1)

e.g., Staphylococcus, Streptococcus, spirochaetes (e.g.,
Borrelia  burgdorferi), Pneumococcus, Meningococcus,
Haemophilus influenzae, Mycoplasma pneumoniae

e.g., Aspergillus, Actinomyces, Blastomyces, Candida,
Cryptococcus, Histoplasma

e.g., Toxoplams gondii, Trypanosoma cruzi, Entamoeba

e.g., Echinococcus granulosus, Taenia solium, Trichinella
spiralis

e.g., Rickettsia rickettsiae

e.g., amphetamines, cocaine, ethanol, anthracyclines,
chemotherapeutics (e.g., cyclophosphamide, fluorouracil,
trastuzumab), lithium, catecholamines, interleukin 2

e.g., by scorpions, snakes, bees, wasps, spiders
e.g., radiation

e.g., iron, copper

e.g., vaccines, antibiotics, anticonvulsants
e.g., after heart or stem cell transplantation

e.g., systemic lupus erythematosus, rheumatoid arthritis,
rheumatic heart disease, Kawasaki's disease, scleroderma,
polymyositis, myasthenia gravis, insulin-dependent diabetes
mellitus, thyrotoxicosis, sarcoidosis, granulomatosis with
polyangiitis

Prognosis generally depends on etiology, initial clinical presentation, and the disease’s

course. The global overall mortality rate ranges between 1% to 7%. In the United States



of America, about 75% of hospitalized patients with myocarditis showed an
uncomplicated course of the disease, along with an average mortality rate of 0%. Within
patients presenting with complications, such as ventricular arrhythmias or acute heart
failure, 12% either needed heart transplantation or died inside the hospital (8). Up to 30%
of patients with preceding biopsy-proven myocarditis develop permanent cardiac
dysfunction due to dilated cardiomyopathy (DCM), associated with poor prognosis
(2,9,14).

Table 2. Clinical forms of myocarditis  (2,13)
DCM = dilated cardiomyopathy

Form of myocarditis Clinical characteristics

e < 1 month between symptom onset and diagnosis
Acute myocarditis e Various symptoms and types of clinical
presentation

e Severe form of acute myocarditis
Fulminant myocarditis e Possibly life-threatening complications (e.g.,
cardiogenic shock, cardiac arrhythmia, sepsis)

e 1 — 3 months between symptom onset and
diagnosis

e Symptoms either due to continuous myocardial
injury or in the course of gradual healing

e Symptoms lasting > 1 month (partly overlap with
subacute forms)
Chronic myocarditis e Development of long-term consequences (e.g.,
DCM, severe heart failure, cardiac arrhythmias)
possible

For patients with uncomplicated myocarditis, outpatient care is usually sufficient. Resting
without physical exercise for at least six months is essential for a full recovery. In
contrast, patients presenting with uncertain diagnosis or complicating factors should be
admitted to the hospital to be diagnosed and monitored, respectively. Identifying a
specific cause in patients with myocarditis is often impossible. Myocarditis in the Western
civilization is most commonly caused by viral infections which are usually treated by
supportive therapy, if necessary. However, in some cases, it is possible to determine the
damaging agent. In case of infection, patients should be administered an anti-infective
medication, either antibiotics, antimycotics, or virostatics. Immunosuppressive therapy
may be an option to cure some autoimmune forms, e.g., myocardial inflammation
coinciding with rheumatologic diseases or cardiac sarcoidosis (14,15). Regarding the
therapy scheme, myocarditis in patients with COVID-19 makes an exception. These

patients need to be treated with glucocorticoids if they are hemodynamically impaired or



present with coincident COVID-19 pneumonia and need supportive oxygen therapy (16).
An appropriate medical therapy according to the guidelines for heart failure is indicated
in case of impaired cardiac function. If not hemodynamically stable, patients require
admission to the intensive care unit to be treated with inotropic and anti-arrhythmic drugs
or mechanical circulation support, e.g., veno-arterial extracorporeal membrane
oxygenation (VA-ECMO), if necessary. For therapy-resistant myocarditis patients with
severe arrhythmias or heart failure, implantation of left ventricular assist devices (LVAD)
or heart transplantation are the ultimate treatment options (2,8).

Myocarditis can present with multiple symptoms. In most cases, it passes either
asymptomatically or with mild symptoms, including unspecific complaints such as
headaches, myalgia, feelings of vertigo, fever, fatigue, and reduced performance. On the
other hand, patients might also report acute chest pain (82% to 95% of adult patients
with acute myocarditis), dyspnea (19% to 49%), palpitations, and syncope (5% to 7%)
(8). If the chest pain is breathing-dependent, it might indicate a pericardial involvement.
Moreover, infectious myocarditis is frequently related to preceding viral infections, e.g.,
airway infections, so asking about a patient’s medical history over the past six months is
necessary.

Different types of myocarditis can be distinguished depending on the predominant clinical

presentation (17). They are described in Table 3.

Table 3. Clinical presentation of myocarditis a7

ECG = electrocardiogram, LV = left ventricular

Cardiomyopathic or Heart
failure -like myocarditis
e Resembles acute e Resembles other forms
e Resembles other forms :
coronary syndrome . of severe arrhythmias
S of cardiomyopathy )
e Chest pain, increased . Sudden, often life-
. Severe LV dysfunction . .
serum troponin I, threatening ventricular
. No serum marker .
elevated ST segments in anomalies or ECG arrhythmias
ECG, and facultative e No signs of infection or

changes . ;
fever 9 inflammation

Infarct-like myocarditis Arrhythmic myocarditis

Separating myocarditis from other disease entities with similar clinical presentation can
be extremely challenging (2,5,15,18,19). Thus, it is crucial to rule out a relevant coronary
artery disease by computer tomography (CT) or invasive coronary angiography to
differentiate it from infarct-like acute myocarditis during the early phase of clinical
management.

Diagnosis of myocarditis involves several diagnostic criteria [cf. Diagnostic criteria for
clinically suspected myocarditis by the European Society of Cardiology (ESC) (14)],

summarized in Table 4 (14). According to these criteria, myocarditis can be suspected
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in the presence of at least one of the stated symptoms and at least one diagnostic

criterion, and the simultaneous absence of relevant coronary artery stenosis (= 50%) and

other cardiovascular or extra-cardiac causes for the symptoms or abnormalities.

Table 4. Criteria for diagnosing clinically suspect

of Cardiology (ESC), modified according to Caforio

ed myocarditis by the European Society
et al. (14)

AV = atrioventricular, ECG = electrocardiogram, LGE = late gadolinium enhancement, MRI =

magnetic resonance imaging

A) Symptoms

e Dyspnoea at rest or exercise and/or
e Fatigue, with/without
e Signs of heart failure

Palpitation and/or

Unexplained arrhythmia and/or
Syncope and/or

Aborted sudden cardiac death

e Unexplained cardiogenic shock

Infarct-like or
dependent)

pericarditic  (breathing-

New-onset (< 3 months) or subacute/chronic
(> 3 months) or worsening

B) Diagnostic criteria

New abnormalities in
e ECG and/or

e Holter and/or

e Stress testing

e Elevated serum markers for
myocardiocytolysis
New abnormalities in function and/or

structure on cardiac imaging:
e Echocardiogram and/or
e Angiography and/or

e Cardiac MRI

e Cardiac MRI tissue characteristics

Supraventricular tachycardia, | - Il degree
atrioventricular (AV) block, ST elevation or
non ST elevation, T wave inversion,
ventricular tachycardia or fibrillation and
asystole, atrial fibrillation, reduced R wave
height, widened QRS complex, abnormal Q
waves, low voltage

Regional wall motion or global systolic or
diastolic function abnormality, with/without
ventricular dilatation, with/without
endocavitary thrombi, with/without pericardial
effusion, with/without increased wall thickness

Myocarditis-typical pattern of edema and/or
LGE

In some North American and European countries, invasive endomyocardial biopsy

(EMB) diagnosis remains the gold standard to confirm the clinical suspicion of



myocarditis. Additionally, analysis of the tissue gained by EMB might help determine the
etiology and type of myocarditis and, thus, decide on the appropriate treatment,
prognosis, and follow-up care. Although being an invasive procedure, complications due
to EMB are scarce if conducted by an experienced interventional cardiologist (20—22).
Nevertheless, there is always a risk of myocardial ischemia, arrhythmia, perforation of
the heart wall with resulting pericardial tamponade, and bleeding with possible
development of aneurysms at the puncture spot. Thus, EMB is not part of the routine
practice for diagnosing myocarditis in most European countries, including Germany.
Instead, it is only used in individual cases (14). EMB should comprise at least three
samples, usually gained randomly from different spots of the myocardium and analyzed
histologically and immunohistochemically. Also, polymerase chain reaction (PCR) for
viral genomes can be performed. Repetition of EMB might be needed in a few cases to
supervise response to treatment (14,23). However, the analysis of these few samples
cannot certainly exclude the diagnosis of myocarditis since they might not represent the
whole myocardium’s histology. Consequently, sampling errors may occur.

Compared to EMB, cardiac magnetic resonance imaging (MRI) can offer various
advantages. It is not invasive, and therefore, complications are rare. Moreover, the whole
myocardium can be displayed and assessed. Thus, sampling errors are negligible in
cardiac MRI.

Due to often inconspicuous or unspecific clinical symptoms, diagnosing myocarditis is
extremely challenging, and sufficient therapeutical options are still limited. That explains
the primary need for a reliable diagnosis. Cardiac MRI is a conclusive diagnostic tool

regarding the presence or absence, localization, and severity of myocarditis.

1.2 Basics of magnetic resonance imaging

Felix Bloch and Edward Mills Purcell described the physical basis for MRI in 1945/46 for
the first time (24). It is grounded on the nuclear spin of hydrogen nuclei (protons), which
makes them magnetic. By applying a strong static homogenous magnetic field, the
protons generate a longitudinal magnetization in the direction of the magnetic field. This
magnetization is deflected from the direction of the static field and partially or fully
converts into transversal magnetization if a radiofrequency alternating magnetic field is
briefly applied in addition. The transversal magnetization starts to be in precession about
the static magnetic field direction, i.e., it rotates. This precession motion of tissue
magnetization induces an electrical tension that can be registered. After shutting off the

high-frequency alternating magnetic field, transversal magnetization diminishes, so the



protons’ spins align parallel to the static magnetic field again, called relaxation. For this
relaxation, protons need a characteristic decay time that depends on the chemical
compound and the molecular environment they are rotating in (25).

T1 relaxation, also called spin-lattice relaxation or longitudinal relaxation, is a
disintegration constant describing the protons' returning to longitudinal magnetization.
On the other hand, T2 relaxation, also called spin-spin relaxation or transverse
relaxation, is a disintegration constant to describe the decay of the transverse
magnetization after shutting off the radiofrequency impulse. These disintegration
constants depend on the tissue and environmental characteristics and the method of
measurement (25).

Regarding non-parametric MRI, the relaxation times and the content of hydrogen nuclei
of different tissue types and the scanner's magnetic field, among other things, determine
the signal intensity. Non-parametric MRI cannot quantify absolute relaxation times, so
differences in signal intensities can only be interpreted in relation to other tissue types.
Thus, high signal intensity is called hyperintense, meaning a tissue looks brighter than
surrounding areas, and low signal intensity is called hypointense (25). In T1-weighted
images, fluids appear hypointense, while in fat-suppressed T2-weighted images, fluids,
e.g., edema, appear hyperintense (26).

Parametric MRI has several advantages over non-parametric imaging since it depicts
absolute relaxation times for each voxel. That quantifiability reduces the signal intensity’s
dependence on other parameters and the subjective nature of image interpretation,
improving intra- and interobserver variability and comparability between different patients
or scanners (23).

Gadolinium is the contrast agent used in MRI to make blood circulation visible. In
hyperemic tissue, a strong circulation causes early flooding with contrast agents [early
gadolinium enhancement (EGE)]. In contrast, necrotic, fibrotic, edematous, or scarred
tissues show poor circulation due to expanded extracellular volume, so the gadolinium-
based contrast agent is flooded in and washed out lately [late gadolinium enhancement
(LGE)] (26).

1.3 Cine MRI and feature tracking for assessing myo  cardial strain

The myocardial strain serves as a quantitative marker for the regional function of the
myocardium. Numerous cardiac diseases do not involve the heart as a whole in the early
stages but are limited to regional impairments in separate myocardial segments. Global

measures, like the heart's ejection fraction (EF), are thus less likely to catch early



dysfunction (27-29).

Cine imaging is a technique of non-parametric cardiac MRI. It aims to capture the heart’s
motion during the cardiac cycle. For cine MRI, data is acquired throughout the cardiac
cycle using an ECG-synchronized gradient echo sequence, typically by balanced steady-
state free precession (bSSFP). Breath-holding during data acquisition is required to
avoid additional motion artifacts. Finally, the images are reconstructed from the average
of multiple heartbeats (30,31).

Feature tracking (FT) is a postprocessing method for time-resolved (cine) cardiac MRI
that allows the reproducible regional quantification of cardiac wall motion (measured as
strain) along different orientations (longitudinal, radial, circumferential) over the whole
heart cycle (32,33).

The myocardial strain (¢) describes the displacement of points in the myocardium at a

specific time in the cardiac cycle relative to its original distance (usually end-diastolic):

€ [%] = Al/lena-diast.

where Al is the relative change in myocardial length between end-diastole and end-
systole, and [, _4iqase. 1S the end-diastolic myocardial length (34). By convention, the
Green-Lagrange formulation is used in cardiac imaging to define the myocardial strain
(35).

The strain is separated into circumferential, longitudinal, and radial components
according to the spatial directions, as shown in Figure 1. The circumferential and the
longitudinal strain describe the shortening parallel to the endomyocardial border in the
short axis (SAX) and long axes (LAX) planes, respectively. Thus, they have a negative
algebraic sign. The radial strain is the relative lengthening perpendicular to the former

two directions and has a positive sign (cf. Figure 1) (27).
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Figure 1. Schema of the myocardial strain component s, modified according to Almutairi
etal. (27)

On the left side, the longitudinal and radial myocardial deformation are shown in the heart's
LAX view. On the right side, the circumferential and radial myocardial deformation are shown
in the heart's SAX view. Dashed lines represent the systolic deformation, and solid lines the

diastolic deformation.

circ = circumferential, LAX = long axes, long = longitudinal, rad = radial, SAX = short axis

1.4 MRI parametric mapping

Amongst others, parametric MRI comprises the techniques of T1 and T2 mapping. For
each voxel, the respective relaxation time is calculated as a constant in an exponential
decay process described by Bloch’s equations (24). T1 maps are calculated from a co-
registered series of images acquired at varying times from an inversion or saturation
pulse. A series of images from a turbo-spin-echo sequence with varying echo times is
acquired to calculate T2 maps. Thus, MRI mapping can exhibit regional myocardial T1
or T2 values for each voxel instead of presenting relative signal intensities as non-
parametric MRI does (23,36—38). That makes it possible to distinguish between different
tissue types and characteristics, such as edema or fibrosis, in mapping sequences (25).
Figure 2 exhibits T1- and T2-weighted cardiac MRI sequences in comparison to T1 and

T2 maps.



Figure 2. Non-parametric in contrast to parametric cardiac MRI

The top left corner shows a T2-weighted cardiac MRI sequence in SAX view, top right corner
shows a T2 map in SAX view, the bottom left corner shows a T1-weighted sequence in
horizontal long axis-view, and the bottom right corner shows a T1 map in horizontal long axis-
view. MRI maps are derived images, calculated from a stack of images with varying acquisition
parameters and color-coded for regional T1 and T2 values, respectively.

MRI = magnetic resonance imaging, SAX = short axis

1.5 Cardiac MRI in myocarditis

Nomenclature for myocardial segmentation in cardiac tomographic imaging

In contrast to prior studies (18,32,39-41), the present work focuses not only on the global
myocardial peak strain but also on the regional distribution of the heart’s wall motion. To
calculate the regional peak strain, we divided the LV myocardium into 17 segments

10



according to the nomenclature for myocardial segmentation in cardiac tomographic
imaging stated by the Cardiac Imaging Committee of the Council on Clinical Cardiology
of the American Heart Association (AHA) (42).

For this purpose, the cardiac planes used in heart imaging were named SAX, vertical
long axis, and horizontal long axis. In echocardiography, the vertical long axis displays
the left atrium and LV, analogous to the 2-chamber (2Ch) plane. The horizontal long axis
displays all four heart chambers like the 4-chamber (4Ch) plane in echocardiography.
Below, we call the cardiac planes SAX, 2Ch, and 4Ch for good comprehensibility,
whereby 2Ch and 4Ch have collectively been described as LAX in this work.
Perpendicular to the heart’s long axis, the LV is divided into a basal, midventricular, and
apical third for AHA segmentation. The LV'’s basal SAX slice consists of the myocardial
AHA segments 1 to 6, the midventricular slice of AHA segments 7 to 12, and the apical
slice of AHA segments 13 to 16, as shown in Figure 3. AHA segment 17 is located in the

heart’s apex (cf. Figure 3) (42).

Diagnosing myocarditis in cardiac MRI

In the past decade, cardiac MRI has emerged as the reference standard for the non-
invasive detection of myocardial inflammation in patients with suspected myocarditis so
that invasive examinations like EMB or coronary angiography can often be avoided
(2,43).

Different cardiac MRI sequences based on T1 and T2 characteristics are qualified to
depict the pathophysiological changes in the myocardium during inflammation: edema,
hyperemia, and myocyte injury leading to necrosis and fibrosis. For this purpose, the
Consensus Criteria for Cardiovascular Magnetic Resonance in Myocardial Inflammation,
known as the “Lake Louise Criteria” (LLC), were established, and published in 2009 (26).
Edema is displayed best in T2-weighted, hyperemia in EGE, and necrosis or fibrosis in
LGE cardiac MRI, the three main criteria of the original LLC. According to signal
intensities in the images, acute myocarditis has been deemed present if at least two of
the three main LLC were positive. Additionally, systolic LV dysfunction and pericardial
thickening or effusion indicating pericarditis in cine sequences of cardiac MRI (real-time
MRI to capture the heart’s motion) were considered for supporting the suspicion of

myocardial inflammation (supportive criteria) (26).
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AHA Segments

1: basal anterior

2: basal anteroseptal

3: basal inferoseptal

4: basal inferior

5: basal inferolateral

6: basal anterolateral

7: midventricular anterior

8: midventricular anteroseptal
9: midventricular inferoseptal
10: midventricular inferior

11: midventricular inferolateral
12: midventricular anterolateral
13: apical anterior

14: apical septal

15: apical inferior

16: apical lateral

17: apex

Figure 3. Nomenclature and topography of mocardial segments in cardiac MRI according
to the AHA (42)

 HT

On the left side, the apical, midventricular, and basal layer of the heart's SAX view (from top to
bottom) and their assigned myocardial segments are shown. On the right side, the 4Ch (on the
top) and 2Ch (in the middle) planes with their assigned myocardial segments are shown. In the
bottom right corner, a color-coded legend summarizes the names and numbers of the AHA
segments.

AHA = American Heart Association, MRl = magnetic resonance imaging, SAX = short axis, 2Ch
= 2-chamber, 4Ch = 4-chamber

However, after the technically advanced parametric mapping had been developed, the
LLC were revised in 2018 (LLC II) (23) since numerous studies suggest that mapping
techniques have a high sensitivity and specificity in assessing suspected myocarditis
(36,44,45). The updated LLC (LLC Il) consist of a T2-based marker for myocardial

12



edema and a T1-based marker for non-ischemic myocardial injury. Myocardial edema is
supposed to be detected either in T2-weighted imaging or T2 mapping. Methods to
identify myocardial injury can be LGE, T1 mapping, or extracellular volume (ECV)
mapping. For instance, the ECV may be expanded in inflamed tissue due to edema or
fibrosis. The supportive criteria comprise signs of pericarditis in cine images, LGE
images, T1 or T2 mapping, and systolic wall motion abnormality of the LV in cine images.
If at least one T1-based marker and one T2-based marker are positive for myocardial
abnormalities combined with an appropriate clinical presentation, this ensures the

diagnosis of myocarditis (23).

Relation of MRI relaxation times to outcome in myoc arditis

Moreover, cardiac MRI may also be of prognostic value (18,32,39-41). In patients
suffering from myocarditis, appropriate risk stratification is important to determine the
frequency and the extent of cardiological long-term follow-up since subclinical
progression may occur and lead to DCM, ventricular dysfunction, heart failure,
arrhythmia, or sudden cardiac death (14,40,46,47). In particular, the LV's global
myocardial peak strain and LGE have been shown to be associated with adverse cardiac
events and to independently predict all-cause and cardiac mortality (18,32,39-41).

However, literature on the relation of the myocardial peak strain and tissue
characteristics to functional outcome (i.e., recovery of (left) ventricular function versus
persistence of impaired function) is sparse (48,49). To our knowledge, it has yet to be
discovered how the cardiac MRI tissue characteristics of myocardial edema (i.e., related
to T1 and T2 relaxation times) and myocardial injury (i.e., related to T1 relaxation time)
and their change over time are related to cardiac function. This research question relates

to both global and particularly regional myocardial peak strain, edema, and injury.

1.6 Hypotheses of our work

We hypothesized
- that myocardial injury and myocardial edema in myocarditis (as quantified by T1
and T2 mapping, respectively) are associated with the regional myocardial peak
strain in the respective segment (cross-sectional study),
- that a change in T1 and T2 relaxation times over time is related to recovery or
worsening of myocardial function (functional outcome) quantified by the regional

peak strain in this respective segment (longitudinal study), and
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- that baseline T1 and T2 relaxation times are associated with a change in the

(regional) myocardial peak strain over time (longitudinal study).
For this purpose, the baseline and follow-up cardiac MRI scans of the MyoRacer-Trial

(45) were processed in FT and mapping analysis for each myocardial segment

separately (cf. Figure 4).
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2 Materials and Methods

2.1 Study design and population

Figure 4 gives a graphical abstract of our work. The following chapter describes our
materials and methods in more detail.

All data of this work come from the MyoRacer-Trial, officially entitled “Myocarditis and
the Role of Advanced Magnetic Resonance Imaging” (45). The MyoRacer-Trial was a
prospective, observational study conducted from August 2012 to December 2015 at the
Heart Center of the University of Leipzig, investigating 129 patients with clinically
suspected myocarditis. The study intended to detect the diagnostic value of cardiac MRI
compared to EMB as the established diagnostic gold standard (45,50). In our work, we
reuse the MyoRacer-data to create a new substudy without any overlap with already
published papers, taking a new contentual approach.

Study participants were between 18 and 80 years old and showed all sexes. Inclusion
and exclusion criteria for patients with clinical suspicion of myocarditis are shown in
Table 5 (45,50).

Within 36 hours after hospitalization, patients underwent systematic biventricular EMB,
immuno-histological analyses, and comprehensive cardiac MRl on 1.5 Tesla (T) and 3 T
scanners. On average, a follow-up (FU) 1.5 T cardiac MRI was performed three to four
months after the baseline examination. Moreover, ten healthy subjects volunteered to
undergo cardiac MRI to serve as a control group. The local ethics committee approved
the study design, and all participants gave written informed consent. The full study
protocol can be found at https://clinicaltrials.gov/ct2/show/NCT02177630 (5,45,50).

For our purposes, we excluded subjects with poor image quality or missing follow-up
data. However, if only one specific sequence was insufficient or missing, the remaining
data was still considered for statistical analysis. The absolute number of patients
included in our analyses depended on the respective aspects of myocarditis in cardiac
MRI. Please refer to the flowchart (cf. Figure 5) for more detailed information on the study

population.
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A Image registration & Matching of AHA segments
matching of AHA segments (longitudinal study)
(cross-sectional study)
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Figure 4. Graphical abstract of study methods and k ey results

A: We divided the LV myocardium in the MRI cine sequences into 17 segments and estimated
the segmental myocardial strain using FT. Then, we registered T1 and T2 maps to the cine
sequences and transferred the segmentations used for FT to ensure conformity of the
myocardial segments.

B and C: Multi-level multivariable linear mixed effects regression was applied to investigate the
relation of segmental myocardial strain to T1 and T2 relaxation times (B) and their respective
change from baseline to follow-up (C).

D: Key results: The lower the baseline T1 time, the higher the radial peak strain at baseline. In
contrast, the higher the baseline T1 time, the higher the recovery of radial strain at follow-up.
AHA = American Heart Association, FT = feature tracking, FU = follow-up, LV = left ventricular,
MRI = magnetic resonance imaging
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Patients with suspected
myocarditis undergoing 1.7 |
cardiac MRI and EMB :
(n=129) |
1
1

Emergency surgery after EMB and |
pericardial tamponade/cardiac MRI |
cancelled due to claustrophobia !

1

1

\ 4

(n=2)

Patients available at baseline
examinations (n = 127)

| 1
1
i Incomplete cardiac MRI !
A data/insufficientimage quality due to !
i motion artifacts (n = 33) !
1
1

A 4

Patients with complete EMB
and cardiac MRl dataat [-—-=-—-=-=-=-—-—=—=—= == — = 1
baseline (n = 94) 1

Missing follow-up cardiac MRI data
(n=3)

A 4

Patients with complete EMB
and cardiac MRI data at
follow-up (n =91)

Figure 5. Flowchart of the analytic sample of surve vy subjects’ data (5,45)
Study flow (on the left side) and reasons for participant dropout with humbers of excluded
subjects (on the right side) are shown.

EMB = endomyocardial biopsy, MRI = magnetic resonance imaging, T = Tesla
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Table 5. Inclusion and exclusion criteria for parti cipants in the MyoRacer-Trial  (45,50)
* Furthermore, subjects with nondiagnostic EMB or MRI were finally kept out of the statistical
analysis (45).

ECG = electrocardiogram, EMB = endomyocardial biopsy, MRI = magnetic resonance imaging

Inclusion criteria Exclusion criteria *

Symptoms such as dyspnea or orthopnea, Relevant coronary artery disease on
palpitations, exercise intolerance, fatigue, or angiography

angina pectoris

Evidence of myocardial involvement, namely Contraindications to MR, cardiac
ventricular dysfunction on echocardiography, catheterization or EMB
new or persistent ECG changes, or elevated

Troponin T

History of systemic viral infection Impaired renal function with a glomerular

filtration rate < 30 ml/min/m2
Pregnancy
Missing informed consent

Participation in another trial

2.2 Endomyocardial biopsy and immunohistological an alyses

An interventional cardiologist conducted angiography of the right and the left coronary
artery to rule out a relevant coronary artery disease. EMB samples were taken from both
ventricles. Five to seven samples were gained from the right ventricle (RV), mainly from
septal or apical locations, while six to seven LV samples derived from different regions.
Molecular pathological, histological, and immunohistological analyses were performed
at the Department of Molecular Pathology, University Hospital Tuebingen (Tuebingen,
Germany). PCR was conducted to detect viral genomes of adenoviruses, parvovirus
B19, enteroviruses (including coxsackieviruses of group A and B and echoviruses),
human cytomegalovirus, Epstein-Barr virus and human herpesvirus type 6 in cardiac
tissue samples.

Myocarditis was diagnosed if at least 20 immune cells/mm2 infiltrating the myocardial
tissue, like CD3+ T-lymphocytes or CD68+ macrophages, were present. We considered

the detection of viral genomes without myocarditis as latent virus persistence. In contrast,
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multifocal fibrosis or scarring in the absence of inflammation led to the diagnosis of

healed myocarditis (5,45).

2.3 Cardiac magnetic resonance imaging

In our work, we analyzed cardiac MRI of a 1.5 T scanner (Intera, Philips, Best, The
Netherlands) only because the follow-up examinations did not comprise a 3 T MRI (as
baseline examinations did). The sequences were obtained with surface cardiac coils with
five channels for the 1.5 T scanner. Table 6 reports non-parametric and parametric
imaging parameters of the MyoRacer-Trial (5,45).
Table 6. Non-parametric and parametric MRI paramete

rs of the MyoRacer-Trial (5,45)

bSSFP = balanced steady-state free precession, MOLLI = Modified Look-Locker inversion
recovery, MRI = magnetic resonance imaging, SAX = short axis, TE = echo time, Tl = inversion

recovery time, TR = repetition time, 2Ch = 2-chamber, 4Ch = 4-chamber

Imaging Non-parametric o )
_ ) Parametric imaging
parameters imaging
Cine MRI T1 mapping T2 mapping
MOLLI + bSSFP- _
Sequence type bSSFP Turbo-Spin-Echo
readout

1x 4Ch, 1x 2Ch,

1x 4Ch, 1x 2Ch, 10-14x 1x 4Ch, 1x 2Ch, 1x

Orientation ] ] 1x midventricular
SAX midventricular SAX
SAX
Repetition time
3.4 ms 2.9 ms 1052 ms
(TR)
13 startup cycles to
9 echos (TE=13.2,
approach steady
) 17.6, 21.9, 26.3,
Echo time (TE) 1.7 ms state,
30.7, 35.1, 39.5,
8 echos (“3(3)5”
43.9, 48.3 ms)
scheme)
Flip angle 60° 50° 90°
Acquisition matrix 1.25 x 1.25 mm?2 1.19 x 1.19 mm?2 0.96 x 0.96 mm?2
Slice gap 8 mm - -
Slice thickness 8 mm 10 mm 8 mm

Inversion recovery
time (TI)

167 to 5472 ms
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Calculation of T1 and T2 Maps

We applied an iterative motion correction and map fitting algorithm (51), adapted from
Delso et al. (52):

First, the acquired raw mapping images were registered to a reference frame using the
non-rigid Symmetric Normalization registration algorithm (53,54). Then, an initial map-
fitting procedure was applied to the initial motion-corrected image set.

We applied the Levenberg-Marquardt algorithm to solve the 3-parameter exponential
non-linear least-squares problems (52,55) pixel-wise in parallel. We implemented a
pyramid architecture, where the weights of the subsequent cascade were initialized from
a fit on a down-sampled dataset. After each iteration, the fitted model was used to
generate synthetic images at all inversion recovery times (Tl) and echo times (TE) for T1
and T2 mapping, respectively. The original images were then registered to the
corresponding synthetic frame at the respective TI/TE. Afterward, we fitted a mapping
model to the new motion-corrected image set. In total, we applied two iterations of this
algorithm. We stored the pixel-wise r2- values along with the T1 and T2 maps. The
calculations were carried out on a high-performance computing cluster using the
Tensorflow package (Version 2.6) in Python 3.8. More details on this novel method will

soon be given in a separate manuscript that is currently in preparation (51).

2.4 Cardiac MRI analysis

Myocardial strain analysis

FT-based strain analysis of the LV and RV was conducted using the commercially
available software platform Segment (Version 3.3 R10187c, Medviso AB, Lund, Sweden,

http://segment.heiberg.se) (56). This software uses deformable registration as the

underlying FT method, and the reproducibility of segmental strain has been
demonstrated (33).

Firstly, a study participant’s cardiac MRI cine sequences (2Ch, 4Ch, SAX) were selected
and loaded into the software. After that, we made the software automatically improve all
sequences' image contrast. The next step was identifying each sequence's end-diastolic
(ED) and end-systolic (ES) time points in the cardiac cycle. ED and ES time points were
defined on a midventricular slice in the SAX view. Then, we automatically segmented the
LV in the SAX view (57) and manually adjusted the myocardial contours if necessary.
For the LV, there were two contours, the outer marking the line between epicardium and

myocardium and the inner marking the line between myocardium and endocardium.
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Afterward, FT analysis of the SAX could be initiated. For this purpose, we selected the
heart's basal, midventricular, and apical slices and cropped the image to include the
ventricles only. While waiting for the automatic registration process to be finished, we
manually segmented the RV in the three slices of the SAX view. Then, we started working
with the strain analysis module (58,59) for the SAX. Firstly, the marker for the allocation
of the myocardial segments based on the standardized nomenclature of the American
Heart Association (AHA) (42) had to be rotated to a mid-septal position in the
midventricular layer. After that, we reviewed and adjusted the myocardial strain contours
of LV and RV for optimal FT, if necessary.

In the last step, we processed the MRI cine sequences of the long heart axes (2Ch, 4Ch)
by starting with the strain analysis module (58,59). Then, the images were cropped so
that only the two or four heart chambers, respectively, were included. While waiting for
the automatic registration process to complete, we manually segmented the LV in the
2Ch view and the LV and RV in the 4Ch view (56). Analogically to the SAX view, we
plotted two myocardial contours for the LV and one for the RV. Finally, we reviewed and
adjusted the myocardial strain contours for LV and RV for optimal FT in the strain
analysis module (58,59) for 2Ch and 4Ch. Then, we saved the data file. We conducted
the abovementioned process for each subject’s baseline and follow-up cardiac MRI.
Figure 6 shows an excerpt of the FT-based strain analysis in the software platform
Segment (Version 3.3 R10187c, Medviso AB, Lund, Sweden, http://segment.heiberg.se)
(56).
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Figure 6. FT-based strain analysis of the LV and RV using the software platform Segment
(Version 3.3 R10187c, Medviso AB, Lund, Sweden, http://segment.heiberg.se) (56)

On the right, the LV’'s and RV’s strain analysis in 4Ch view, on the left, in SAX view are shown.

At the top, the myocardial strain contours for FT are depicted, color-coded for the respective
LV segments. In the middle, strain [%] over time [ms] curves can be seen. At the bottom, a
bull's eye plot representing the LV myocardial segments shows the segmental peak longitudinal
and peak circumferential strain, respectively.

FT = feature tracking, LV = left ventricle, RV = right ventricle, SAX = short axis, 4Ch = 4-

chamber

22



Assessment of myocardial tissue characteristics

To investigate the relation between myocardial tissue characteristics (i.e., myocardial
edema and/or myocardial injury) and regional peak strain in each myocardial AHA
segment, we needed to transfer the myocardial strain contours of the LV generated for
FT to T1 and T2 maps. For this purpose, we used the free, open-source software 3D
Slicer (Version 5.0.2 r30822 / a4420c3, Slicer Community, https://www.slicer.org/) (60).

Myocardial tissue characteristics of the RV could not be depicted in MRI mapping since

the RV myocardium layer is too thin. For the apical and basal layers in the SAX view, no
T1 or T2 maps were available, either. Thus, the following explanations refer to the LV in

the 2Ch view, 4Ch view, and the midventricular layer of the SAX view only.

Coregistration of cine and mapping images

The end-diastolic cine images of all patients were automatically coregistered to the
corresponding mapping images using a rigid transformation, followed by non-rigid
Symmetric Normalization using antsRegistration (53,54). The delineated contours from

Segment (Version 3.3 R10187c, Medviso AB, Lund, Sweden, http://segment.heiberg.se)

(56) were extracted by a custom Python script, transformed into a segmentation map
using the Simple Insight Toolkit Package (61), and warped to the domain of the
coregistered mapping images. Here we preserved the AHA segments to match the
segmental strain analysis to the mapping images. We applied automated binary
manipulations to the segmentation (binary dilation and erosion (61)) and used them as
a starting point for manual corrections in Slicer (Version 5.0.2 r30822 / a4420c3, Slicer

Community, https://www.slicer.org/) (60). Figure 7 shows the close match of myocardial

segmentation between cine images and cardiac MRI mapping and between MRI

sequences from baseline and follow-up examinations.
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‘ Baseline Follow-up

Feature-Tracking

Figure 7. Match of myocardial segmentation between the different cardiac MRI
seguences in baseline and follow-up examinations in SAX view

The location, orientation, and dimension of each color-coded myocardial segment are
consistent in FT (cine) images, T1 and T2 maps, and in baseline and follow-up MRI. The
segmental correspondence (represented by the double-headed arrows) was achieved by
applying image registration, followed by human manual fine adjustment of the resulting
transformed segmentations.

FT = feature tracking, MRI = magnetic resonance imaging, SAX = short axis
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Manual correction of mapping segmentations

In the first step, we manually applied a translation and rotation to ensure that the strain
silhouette and the myocardium in the map would lay one above the other. Then, we
adjusted the width and length of the myocardial segments to the depicted myocardium
in the mapping images. That way, we ensured that the segment contours only covered
myocardial tissue and left out the pericardium and the ventricle’s lumen. Finally, we
saved the data file. We conducted this process for each subject’'s T1 and T2 maps for

baseline and follow-up cardiac MRI.

Extraction of segmental T1 and T2 relaxation times

We applied the resulting segmental label masks to the T1 and T2 maps and calculated
a weighted average in the respective segments. The weighted average accounts for
errors in the map fitting procedure. Here, every pixel's T1 and T2 value was weighted by
its corresponding r2- value in the range of 0.9 to 1. For every pixel with an r2- value
below 0.9, the weight “0” was assigned, and hence it was excluded from the calculated

average in this segment.

2.5 Statistical analysis

Baseline characterization of study population

We provide mean (standard deviation) for continuous and count (relative percentage) for
the study population, respectively. Here, we compared the population by EMB result
using the Kruskal-Wallis test for continuous and Fisher’s exact test for binary variables,

respectively.

Multi-level mixed effects linear regression

We fitted two-way/three-way linear mixed-effects regression models to model the relation
of T1 and T2 time with myocardial radial, longitudinal, and circumferential peak strain.
The general equation for this model is given by:
Ystrain = X .Bfixed + Zpatient,(segment) ' ﬂrandom t+e

o X Eﬁxed describes the fixed effects (i.e., constant across all

patients/segmentations)
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e The term Z,gtient (segment) * Urandom intercept d€SCribes the random intercepts for

the individual patient (and for the segmental analysis also the hierarchical level
of the AHA segment).

e ¢ is the (normal-distributed) residual term.

Association of positive EMB result with recovery of myocardial peak strain [model
)]

For addressing the systematical effect of the follow-up period and the result of the EMB
(cf. Table 8), we included fixed effects for the follow-up-indicator k [i.e., the binary
variable indicating whether an observation is from baseline (k=0) or follow-up (k=1)] and
the indicator of a positive EMB result EMB_res:

X Bfixea = k - B +EMB_res - Bpup res (+EMB_res Xk - Bpup resxk )

We applied the likelihood ratio (LR) test to test for a potential interaction EMB_res X k

between both covariables.

Cross-sectional association of T1 and T2 relaxation times with myocardial peak

strain [model ii)]

For cross-sectional regression on the relaxation constants (T1 and T2, cf. Table 9), we
added fixed slopes for the relaxation constants and used fixed effects like in model i) to
adjust for the EMB result and the follow-up indicator.
X '.Bfixed =T- Br
+ kfollow—up . ﬁfollow—up
+ EMB_TeS M ﬁEMB_TES
(+EMB_T€S xT - .BEMB_res XT )
We tested for a potential effect-modification by the EMB result using the LR test on the

interaction term EMB_res X T.

Longitudinal association of peak strain recovery and change of relaxation times

from baseline to follow-up [model iii)]

For the effect of the change in relaxation time between baseline and follow-up (cf. Table
10), we split the relaxation constants into the sum of two variables: Baseline relaxation
time Tpqserine @nd AT, which is the difference between follow-up and baseline relaxation
constants. In addition to the adjustments of model ii), we added fixed-effect coefficients

for Tpgserine @nd AT (which is O for baseline records).
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T [%/ms]

X- lgfixed = Tyr [ms] - £a "

_ Bry, [Y%/ms]
v

+ Tg,, [ms]

+ kfollow—up : ﬁfollow—up
+ EMB_reS N ﬁEMB_res
(+EMB_T€S X AT * ﬁEMB_TES XAT )

Again, we tested for a potential effect modification by the EMB result using the LR test.
In conclusion, the functional relationship for the myocardial peak strain at follow-up and

baseline, respectively, is given by:

AT [ms]
Vstrain (AT' kfollow—up)[%] = e IBAT [%/mS]

v

+ Krotiow—up * Brotiow—up
+ Xother fixed—effects * Bother fixed—effects
+ Zpatient,(segment) “Urandom intercept T €
where

® V.rain 1S the myocardial peak strain at follow-up or baseline, respectively.

e AT is the difference of the relaxation time at follow-up minus baseline.

e B, is the regression coefficient for the fixed-effect AT scaled by v (100 for T1,

10 for T2).

e The term Z,gtient (segment) * Urandom intercept d€SCribes the random intercepts for

the individual patient (and for the segmental strains also the AHA segment). Note
that the adjustment for the baseline strain is contained in this term.

e Units are given in square brackets.

Association of baseline relaxation times with functional recovery [model iv)]

We modeled the association of baseline relaxation constant with the change of
myocardial peak strain (cf. Table 11) by fixed effects for the peak strain at baseline, an

indicator for baseline/follow-up, and an interaction term of the former and the latter.
X Brixed =Tpr - PBry,
+ kfollow—up X Tpy, - ﬁkfo”ow_up XTpy,

+ kfollow—up ' ﬁfollow—up
+ EMB_reS * ﬁEMB_res

(+EMB_T€S X kfollow—up X TBL ' IBEMB_res XK follow—up XTBL )
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Here, we are mainly interested in the interaction term (second line) for the follow-up

indicator and the baseline relaxation time. Its regression coefficient kaollow—up xTg,, 9IVES

the strength of the (adjusted) relationship of the baseline relaxation time and the

functional recovery from baseline to follow-up.

We visually checked the model assumptions (linearity, homoskedasticity) by plotting the
residuals.

An alpha level of 0.05 was considered the threshold for statistical significance.

No adjustment for multiple comparisons was implemented for this secondary explorative
analysis in concordance with earlier arguments for this approach (62).

All statistical analyses were conducted in STATA 16.0 (StataCorp, Houston, Texas,
USA) by Fabian Laqua.
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3 Results

3.1 Baseline characteristics of study population

The study flow and reasons for participant dropout are shown in the “Flowchart of the
analytic sample of survey subjects’ data” (cf. Figure 5 (5,45)).

Table 7 summarizes the main study participant characteristics at baseline examination
(5,45). From 91 patients (cf. Figure 5) included in our analyses, 26 were EMB-negative
for myocarditis, and 65 were EMB-positive. For study participants with a negative EMB
result for myocarditis, the mean age was 46 = 14 (standard deviation, SD) years, and
31% were female. The left ventricular ejection fraction (LVEF) was 36 + 19 (SD) %, and
the mean duration of symptoms was 47 + 136 (SD) days in EMB-negative subjects.
EMB-positive study participants were 42 + 15 (SD) years on average, and 26% were
female. Their average duration of symptoms accounted for 61 + 114 (SD) days, and the
mean LVEF was 35 + 17 (SD) %.

Apart from the immune cell count in EMB, classifying the study participants by definition
as EMB-negative or EMB-positive, no statistically significant differences between these

two groups were observed in the baseline characteristics (cf. Table 7).

29



Table 7. Study participant characteristics at basel  ine, modified according to Lurz et al. and
Baessler et al. (5,45)

Values are given as mean (with standard deviation in brackets) for continuous data and as
absolute count (with relative percentage in brackets) for binary data. We applied Fisher's exact
and Kruskal-Wallis tests for binary and continuous variables, respectively. Units are given in
square brackets. * p < 0.05 indicates statistical significance.

AV = atrioventricular, CK-MB = creatine kinase of the myocardium, ECG = electrocardiogram,
EMB = endomyocardial biopsy, LV = left ventricular, LVEF = left ventricular ejection fraction, MRI
= magnetic resonance imaging, NT-proBNP = N-terminal pro—B-type natriuretic peptide, RV =
right ventricular, SAX = short axis, 2Ch = 2-chamber, 4Ch = 4-chamber
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Characteristic EMB-nEzng:tg/g) EMB'%TIZS) p-value
Age [years] 45.88 (14.09) 42.32 (15.04) 0.307
Female sex 8 (30.8%) 17 (26.2%) 0.795
Viral anamnesis 13 (54.2%) 37 (58.7%) 0.809
Duration of symptoms [days] 46.54 (135.93) 61.12 (113.55) 0.607
Symptom
Atypical chest pain 8 (32.0%) 24 (38.1%) 0.632
Angina 4 (16.0%) 19 (30.2%) 0.281
Dyspnoe 16 (64.0%) 40 (62.5%) 1.000
Fever 3 (12.0%) 14 (23.7%) 0.373
Edema 5 (20.0%) 8 (12.7%) 0.506
LVEF [%] 35.92 (18.53) 35.46 (17.01) 0.911
Troponin > 14 pg/l 15 (65.2%) 52 (83.9%) 0.077
CK-MB > 41 ymol/l 4 (17.4%) 23 (37.1%) 0.116
NT-proBNP [pg/ml] 1971.20 (2593.58) 2709.77 (4290.62) 0.477
Pathologies in ECG
AV block 3 (13.0%) 14 (24.6%) 0.368
ST elevation 0 (0.0%) 4 (6.8%) 0.313
ST depression 15 (68.2%) 30 (51.7%) 0.215
Cardiovascular risk factor
Hypertonus 17 (68.0%) 30 (47.6%) 0.101
Nicotine 10 (41.7%) 24 (40.0%) 1.000
Diabetes 4 (16.0%) 5 (7.9%) 0.267
Hyperlipoproteinemia 8 (32.0%) 20 (32.3%) 1.000
Adipositas 11 (44.0%) 29 (46.0%) 1.000
EMB result
RV CD3+ cell count 1.83 (0.92) 10.51 (9.83) <0.001*
RV CD68+ cell count 8.91 (2.24) 23.44 (12.98) <0.001*
LV CD3+ cell count 2.40 (0.80) 13.89 (14.34) <0.001*
LV CD68+ cell count 9.54 (1.50) 31.63(21.97) <0.001*



Table 7. Study participant characteristics at basel  ine, modified according to Lurz et al.
and Baessler et al. (5,45) - Continuation

Characteristic EMB-nEzng:tg/g) EMB'%TIZS) p-value
EMB result
LV fibrosis [%] 11.87 (7.63) 10.83 (7.75) 0.607
RV fibrosis [%] 9.11 (6.06) 12.67 (10.11) 0.147
Cardiac MRI
T1 time [ms] 1116.7 (89.2) 1147.9 (78.1) 0.106
T2 time [ms] 60.2 (5.4) 61.3 (4.4) 0.339
Average 2Ch longitudinal strain [%6] -10.8 (5.3) -10.6 (4.6) 0.837
Average 4Ch longitudinal strain [%6] -10.8 (4.5) -11.3 (4.2) 0.651
Average SAX circumferential strain [%] -11.4 (5.6) -11.6 (5.4) 0.861
Average 2Ch radial strain [%0] 21.6 (13.2) 21.6 (12.6) 0.980
Average 4Ch radial strain [%0] 17.5(9.8) 19.0 (8.3) 0.454
Average SAX radial strain [%] 21.9 (11.6) 20.0 (10.0) 0.437

3.2 Association of positive EMB result with recover y of myocardial

peak strain [model i)]

Table 8 depicts the association of follow-up indicator [i.e., the binary variable indicating
whether an observation is from baseline (= 0) or follow-up (= 1)] and EMB results with
myocardial peak strain at baseline. The regression coefficients for the follow-up indicator
give the average myocardial functional recovery. The algebraic signs of the regression
coefficients determine the course of change in myocardial peak strain. For
circumferential strain, a negative regression coefficient for the follow-up indicator means
a higher absolute peak strain value at follow-up and vice versa (cf. Chapter 1.3).

A significant improvement in myocardial function from baseline to follow-up could be
seen in all components of myocardial strain on the global and segmental levels (cf. Table
8). The absolute improvement ranged from 2.0% (global and segmental circumferential
SAX peak strain) to 6.6% (global radial SAX peak strain) during the course of the disease
(numbers are absolute changes; hence, percent is considered a unit). Overall, the EMB
result did not significantly impact the myocardial peak strain at baseline. Only lower
segmental radial SAX peak strain at baseline examination was significantly associated
with biopsy-verified myocarditis. Furthermore, the likelihood ratio test for including an
interaction term between the EMB result and the follow-up indicator did not provide
significant evidence for an effect modification on the latter, i.e., functional recovery of the

myocardium was not related to the EMB result.
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Table 8. Association of positive EMB result with re

D)

covery of myocardial peak strain [model

* p < 0.05 indicates statistical significance. + Wald’s test whether the Reg. coef. equals 0. £ LR

test for interaction between follow-up indicator [i.e., the binary variable indicating whether an

observation is from baseline (= 0) or follow-up (= 1)] and EMB result (binary variable indicating a

positive EMB result). Reg. coef. are adjusted for interindividual and intersegmental strain

intercepts, and Reg. coef. for EMB results are additionally adjusted for follow-up. Units are given

in square brackets.

CI = confidence interval, EMB = endomyocardial biopsy, LAX = long axes, LR test = likelihood

ratio test, Reg. coef. = regression coefficient, SAX = short axis

Follow -up indicator

Positive EMB result

Myocardigl Reg. 95% ClI p-value Reg. 95% ClI p-value LR test:
peak strain [%] coef. coef. Wald p (x2+)
Wald test t ¥
test t

Global -2.018 (-2.72;-1.32) <0.001* 0.376 (-1.71;2.47) 0.724 0.783
circumferential (0.076)
SAX

Global radial 6.57 (4.82;8.32) <0.001* -2.905 (-8.25;2.44) 0.287 0.845
SAX (0.038)
Global -2.574 (-3.08;-2.07) <0.001*  -0.025 (-1.84;1.79) 0.978 0.724
longitudinal (0.13)
LAX

Global radial 5.544  (4.03;7.05)  <0.001* 0.162 (-3.78;4.10) 0.936 0.743
LAX (0.11)
Segmental -2.044 (-2.45;-1.63) <0.001* 0.565 (-0.38;1.51) 0.243 0.598
circumferential (0.28)
SAX

Segmental 6.506  (5.62;7.40) <0.001* -3.306 (-5.55;-1.06)  0.004* 0.504
radial SAX (0.45)
Segmental -2.381 (-2.81;-1.95) <0.001* 0.202 (-0.53;0.93) 0.59 0.677
longitudinal (0.17)
LAX

Segmental 5.041 (4.20;5.89) <0.001* -0.349 (-1.86;1.16) 0.651 0.547
radial LAX (0.36)
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3.3 Cross-sectional association of T1 and T2 relaxa tion times with

myocardial peak strain [model ii)]

Table 9 depicts the association of T1 and T2 relaxation times with the myocardial peak
strain at one point in time (cross-sectional study). All baseline and follow-up data have
been considered for the cross-sectional analyses, treating the follow-up data like
separate (but clustered) samples to maximize the sample size. The regression
coefficients quantify the absolute difference in myocardial peak strain per 100 or 10 ms
difference in T1 or T2 relaxation time, respectively. Thus, the cross-sectional study
results show the relation between peak strain and the respective relaxation time across
different patients (interindividual variability). For circumferential strain, a positive
regression coefficient means a lower absolute peak strain value in a patient with a T1
(T2) time 100 (10) ms higher than another patient’s T1 (T2) time (cf. Chapter 1.3).

We found significant associations between increased T1 relaxation time and lower
myocardial peak strain at one point in time in all segmental strain models and the models
for global circumferential SAX peak strain and global radial SAX peak strain. The
absolute difference in myocardial peak strain per 100 ms difference in T1 time ranged
from 0.04% (global longitudinal LAX peak strain) to 2.6% (global radial SAX peak strain;
numbers are absolute changes; hence, percent is considered a unit).

Increased T2 relaxation time was significantly related to lower global radial and
longitudinal LAX peak strains and lower peak strains in all segmental models. Here, the
absolute difference in myocardial peak strain per 10 ms difference in T2 time ranged
from 0.4% (segmental circumferential SAX peak strain) to 2.0% (global radial LAX peak
strain).

Overall, the EMB result did not significantly modify the effect of T1 and T2 relaxation
times on myocardial peak strain (cf. Table 9 LR test for interaction between relaxation
time and EMB result). Only for segmental radial LAX peak strain and T1 time, the
likelihood ratio test for the interaction between relaxation time and EMB result provided
significant evidence for an effect modification. Il.e., the regression coefficients for this
particular relation differed significantly between EMB-positive and EMB-negative

patients.

33



Table 9. Cross-sectional association of T1 and T2 r  elaxation times with myocardial peak

strain [model ii)]

* p < 0.05 indicates statistical significance. + Wald’s test whether the Reg. coef. equals 0. £ LR

test for interaction between relaxation time and EMB result. Reg. coef. are adjusted for
intraindividual differences in peak strain and T1 and T2 relaxation times, myocardial segments (in
models with segmental strain), and EMB results (myocarditis or no myocarditis). Applied scaling
factors: 100 for T1, 10 for T2. Units are given in square brackets.

CI = confidence interval, EMB = endomyocardial biopsy, LAX = long axes, LR test = likelihood

ratio test, Reg. coef. = regression coefficient, SAX = short axis

Relaxation time [ms]

Myocardial peak strain [%] Reg. 95% CI p-value LR test: T1]2 x
coef. Wald test EMB result: p
Global circumferential T1 0.737 (0.0025;1.47) 0.049* 0.602 (0.27)
SAX
Global radial SAX T1 -2.578 (-4.43;-0.73) 0.006* 0.613 (0.26)
Global longitudinal LAX Tl 0.0435 (-0.35;0.44) 0.829 0.235 (1.41)
Global radial LAX T1 -0.893 (-2.01;0.22) 0.117 0.514 (0.43)
Segmental T1 0.568 (0.26;0.88) <0.001* 0.452 (0.57)
circumferential SAX
Segmental radial SAX T1 -1.889 (-2.57;-1.21) <0.001* 0.493 (0.47)
Segmental longitudinal T1 0.423 (0.19;0.65) <0.001* 0.141 (2.17)
LAX
Segmental radial LAX T1 -0.871 (-1.32;-0.42) <0.001* 0.005* (7.95)
Global circumferential T2 0.498 (-0.39;1.38) 0.27 0.964 (0.0020)
SAX
Global radial SAX T2 -1.402 (-3.62;0.82) 0.216 0.857 (0.032)
Global longitudinal LAX T2 0.723 (0.010;1.44) 0.047* 0.689 (0.16)
Global radial LAX T2 -2.009  (-4.01;-0.013) 0.048* 0.593 (0.29)
Segmental T2 0.366 (0.018;0.71) 0.039* 0.958 (0.0028)
circumferential SAX
Segmental radial SAX T2 -0.847  (-1.62;-0.078) 0.031* 0.185 (1.75)
Segmental longitudinal T2 0.722 (0.38;1.07) <0.001* 0.864 (0.029)
LAX
Segmental radial LAX T2 -1.923 (-2.62;-1.23) <0.001* 0.775 (0.081)
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3.4 Longitudinal association of peak strain recover y and change of

relaxation times from baseline to follow-up [model ii)]

Table 10 shows the multi-level mixed-effects regression of myocardial peak strain from
baseline to follow-up depending on the change in T1 and T2 relaxation times (AT1 and
AT2). As a longitudinal study, the regression coefficients cover intraindividual variability
adjusted for interindividual differences. The regression coefficients quantify the absolute
change in myocardial peak strain per 100 ms AT1 (T1 time at follow-up minus T1 time at
baseline) and 10 ms AT2, respectively. The algebraic signs of the regression coefficients
and delta relaxation times determine the change in myocardial peak strain. In the case
of circumferential strain, a positive AT and a positive regression coefficient are linked to
a lower absolute peak strain value at follow-up and vice versa (cf. Chapter 1.3).

We found significant associations between decreasing T1 relaxation time and increasing
absolute myocardial peak strain from baseline to follow-up in global radial SAX peak
strain and all segmental peak strain models. The absolute change in peak strain per 100
ms AT1 ranged from 0% (global longitudinal LAX peak strain) to 2.3% (global radial SAX
peak strain; numbers are absolute changes; hence, percent is considered a unit).
Decreasing T2 relaxation times were significantly related to improving global longitudinal
LAX peak strain and segmental radial LAX peak strain from baseline to follow-up. The
absolute change in peak strain per 10 ms AT2 ranged from 0.1% (global circumferential
SAX and segmental circumferential SAX peak strains) to 2.1% (global radial LAX peak
strain). The EMB result did not significantly modify the effect of AT on peak strain
recovery (cf. Table 10 LR test for interaction of AT and EMB result).

The 3D margins-plot (Figure 8) shows the marginal (predicted) relations between

baseline T1 time, AT1, and segmental radial SAX peak strain exemplarily.
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Table 10. Longitudinal association of peak strainr  ecovery and change of relaxation times

from baseline to follow-up [model iii)]

* p < 0.05 indicates statistical significance. t LR test for inclusion of AT. 1 LR test for interaction

of AT and EMB result. Reg. coef. are adjusted for interindividual differences in strain and T1 and
T2 times, myocardial segments (in models with segmental strain), and EMB results (myocarditis
or no myocarditis). Applied scaling factors: 100 for T1, 10 for T2. Units are given in square
brackets.

CI = confidence interval, EMB = endomyocardial biopsy, LAX = long axes, LR test = likelihood
ratio test, Reg. coef. = regression coefficient, SAX = short axis, AT = difference of the respective

relaxation time at follow-up minus baseline

AT [ms]
Myocardial peak strain Reg. 95% ClI LR test: p LR test AT x
(%] coef. (r2+) t EMB: p (x2¥) *
Global circumferential T1 0.538 (-0.25;1.33) 0.185 (1.76) 0.772 (0.084)
SAX
Global radial SAX T1 -2.291 (-4.28;-0.30) 0.026* (4.94) 0.769 (0.086)
Global longitudinal LAX T1 0.00135 (-0.45;0.46) 0.995 (0.00003) 0.804 (0.062)
Global radial LAX T1 -0.953 (-2.27;0.36) 0.157 (2.00) 0.860 (0.031)
Segmental T1 0.438 (0.083;0.79) 0.016* (5.83) 0.453 (0.56)
circumferential SAX
Segmental radial SAX T1 -1.768 (-2.53;-1.01) <0.001* (20.5) 0.475 (0.51)
Segmental longitudinal T1 0.33 (0.065;0.60) 0.015* (5.95) 0.573 (0.32)
LAX
Segmental radial LAX T1 -0.809 (-1.33;-0.29) 0.002* (9.18) 0.785 (0.075)
Global circumferential T2 0.0757 (-0.86;1.02) 0.875 (0.025) 0.836 (0.043)
SAX
Global radial SAX T2 -0.398 (-2.75;1.95) 0.740 (0.11) 0.713 (0.14)
Global longitudinal LAX T2 0.9 (0.0041;1.80) 0.050* (3.85) 0.903 (0.015)
Global radial LAX T2 -2.089 (-4.70;0.52) 0.118 (2.45) 0.535 (0.39)
Segmental T2 0.0667 (-0.31;0.44) 0.726 (0.12) 0.661 (0.19)
circumferential SAX
Segmental radial SAX T2 -0.253 (-1.07;0.56) 0.544 (0.37) 0.229 (1.44)
Segmental longitudinal T2 0.253 (-0.18;0.68) 0.249 (1.33) 0.784 (0.075)
LAX
Segmental radial LAX T2 -1.079 (-1.93;-0.23) 0.013* (6.18) 0.816 (0.054)
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Figure 8. 3D margins-plot of the multi-level mixed linear regression model for the effect

of baseline T1 time and AT1 on segmental radial peak strain in SAX view

The predicted margins for the 5th to the 95th percentile of baseline T1 time (x-axis) and AT1
(y-axis) are plotted where all other variables are fixed at their reference level for binary variables
and at their mean for continuous variables, respectively. Units are given in square brackets.
The dark blue inclined plane describes the effects of baseline T1 time and AT1 on the radial
peak strain (z-axis). In addition, we projected this surface on the planes spanned by the axes.
The color mapping is given next to the scale of the respective axis. The lower the baseline T1
time and the more T1 time reduces from baseline to follow-up, the higher the radial peak strain
at follow-up. Across the spread of observed data, this effect is more pronounced for AT1

compared to baseline T1 time.
SAX = short axis, AT1 = T1 time at follow-up minus T1 time at baseline
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3.5 Association of baseline relaxation times with f  unctional recovery

[model iv)]

Table 11 depicts the association of baseline T1 and T2 relaxation times with functional
recovery (increasing absolute peak strain) in the follow-up examination (longitudinal
study). The regression coefficients quantify the absolute change in myocardial peak
strain from baseline to follow-up per 100 or 10 ms difference in baseline T1 or T2
relaxation time, respectively. In our model, the effect of baseline relaxation times on
baseline myocardial peak strain is separated from the effect on myocardial peak strain
recovery at follow-up. Hence, the predicted myocardial peak strain at follow-up results
from the baseline strain and its recovery, where both depend on the respective baseline
relaxation time. Considering the actual regression coefficients for circumferential
direction, a negative value describes the (marginal) average absolute strain recovery per
100 ms (10ms) difference of the baseline T1 (T2) time (cf. Chapter 1.3). Hence, the
higher the baseline T1 or T2 time, the more pronounced the functional recovery.

All peak strain models in the SAX view (except for global radial SAX) showed significant
associations between increased baseline T1 relaxation times and a more substantial
functional recovery from baseline to follow-up. More specifically, the higher the baseline
T1 relaxation time, the larger the circumferential and radial SAX peak strain recovery.
The absolute change in peak strain from baseline to follow-up per 100 ms difference in
baseline T1 time ranged from 0.1% (segmental longitudinal LAX peak strain) to 2.2%
(global radial SAX peak strain; numbers are absolute changes; hence, percent is
considered a unit). Baseline T2 relaxation times were significantly related to the change
in global longitudinal LAX and segmental radial SAX peak strains only. The absolute
change in peak strain from baseline to follow-up per 10 ms difference in baseline T2 time
ranged from 0.4% (segmental circumferential SAX and segmental longitudinal LAX peak
strains) to 1.8% (global radial SAX peak strain). The EMB result did not significantly
modify the effect of baseline relaxation times on peak strain recovery (cf. Table 11 LR
test for three-way interaction of follow-up indicator, baseline relaxation time, and EMB
result).

The margins-plot (Figure 9) shows the marginal (predicted) relations between baseline
T1 time, strain recovery from baseline to follow-up, and segmental radial SAX peak strain

exemplarily.
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Table 11. Association of baseline relaxation times with functional recovery [model iv)]
* p < 0.05 indicates statistical significance. T Wald's test whether the Reg. coef. equals 0. % LR test for three-

way interaction of follow-up indicator [i.e., the binary variable indicating whether an observation is from
baseline (= 0) or follow-up (= 1)], baseline relaxation time, and EMB result. Reg. coef. are adjusted for
interindividual strain differences in baseline examination, baseline T1 and T2 relaxation times, myocardial
segments (in models with segmental strain), and EMB results (myocarditis or no myocarditis). Applied
scaling factors: 100 for T1, 10 for T2. Units are given in square brackets.

Cl = confidence interval, EMB = endomyocardial biopsy, Int. = interaction, LAX = long axes, LR test =
likelihood ratio test, Reg. coef. = regression coefficient, SAX = short axis

Int.: follow -up indicator x baseline relaxation time [ms]

Myocardial peak strain [%0] Reg. 95% ClI p-value Wald LR test: p (x2+) %
coef. test t

Global T1 -1.046 (-1.91;-0.18) 0.018* 0.851 (0.035)

circumferential SAX

Global radial SAX T1 2.193 (-0.083;4.47) 0.059 0.485 (0.49)

Global longitudinal T1 -0.173 (-0.72;0.38) 0.539 0.729 (0.12)

LAX

Global radial LAX T1 0.986 (-0.62;2.60) 0.23 0.800 (0.064)

Segmental T1 -0.588 (-0.99;-0.19) 0.004* 0.888 (0.020)

circumferential SAX

Segmental radial T1 1.269 (0.40;2.14) 0.004* 0.246 (1.34)

SAX

Segmental T1 -0.129 (-0.46;0.20) 0.437 0.879 (0.023)

longitudinal LAX

Segmental radial LAX T1 0.611 (-0.028;1.25) 0.061 0.549 (0.36)

Global T2 -0.606 (-1.85;0.63) 0.338 0.735 (0.11)

circumferential SAX

Global radial SAX T2 1.827 (-1.26;4.91) 0.246 0.732 (0.12)

Global longitudinal T2 -1.311 (-2.20;-0.42) 0.004* 0.496 (0.46)

LAX

Global radial LAX T2 1.237 (-1.44;3.91) 0.364 0.600 (0.27)

Segmental T2 -0.397 (-0.93;0.13) 0.141 0.555 (0.35)

circumferential SAX

Segmental radial T2 1.186 (0.041;2.33) 0.042* 0.358 (0.84)

SAX

Segmental T2 -0.411 (-0.92;0.10) 0.116 0.950 (0.0039)

longitudinal LAX

Segmental radial LAX T2 0.899 (-0.11;1.91) 0.082 0.308 (1.04)
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Figure 9. Margins-plots of the multi-level mixed li near regression model for the effect of

baseline T1 time and the effect modification of str  ain recovery by baseline T1 time

A: The predicted margins of the segmental radial peak strain in SAX view at follow-up for the
5th to the 95th percentile of baseline T1 time and its interaction with the follow-up indicator [i.e.,
the binary variable indicating whether an observation is from baseline (= 0) or follow-up (= 1)]
are plotted where all other variables are fixed at their reference level for binary variables and
at their mean for continuous variables, respectively. Units are given in square brackets. The
dark blue inclined plane describes the effects of baseline T1 time (x-axis) and its interaction
with the follow-up indicator (y-axis) on the radial peak strain (z-axis). We added a line (with
dashed 95% CI) for the predicted strain at follow-up given the (connected) baseline T1. In
addition, we projected this surface on the planes spanned by the axes. The color mapping is
given next to the scale of the respective axis.

B: The grey line (and 95% CI) describes the marginal effect of the baseline T1 time on the
baseline radial strain, and the color-coded line (and its 95% CI) depicts the marginal radial
strain at follow-up (equals the line in A) depending on the baseline T1 time.

C: This graph depicts the separated predicted effect of the baseline T1 time on the strain
recovery from baseline to follow-up.

The lower the baseline T1 time, the higher the radial peak strain at baseline. In contrast, the
higher the baseline T1 time, the higher the recovery of radial strain at follow-up.

Cl = confidence interval, SAX = short axis
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4 Discussion

4.1 Key findings

In our study on the functional outcome of patients with suspected myocarditis, we found
a significant improvement of myocardial function from the baseline to the follow-up
examination. There was a significant association between increased T1 and T2
relaxation times and a lower myocardial peak strain. A decrease in T1 and T2 relaxation
times from baseline to follow-up was also significantly related to a recovery of peak
strains. Moreover, we found a significant association between an increased baseline T1
relaxation time and a more substantial functional recovery from baseline to follow-up (the
higher the baseline T1 time, the more pronounced the strain recovery). Figure 4 gives a
graphical overview of our study methods and key results.

Our analyses did not provide evidence for an effect modification by the presence or
absence of biopsy-proven myocarditis, indicating that the observed findings are not

specific to patients with myocarditis.

4.2 Special features of our study

Our study is the first one investigating the relationship between cardiac MRI T1 and T2
relaxation times and myocardial peak strain in patients with clinically suspected
myocarditis at the AHA-segmental level. For enhanced accuracy of our results, we
benefitted from the EMB-verified diagnosis regarding the presence or absence of
myocarditis and the information about temporal evolvement from the baseline to the
follow-up examination. For strain analysis through the software platform Segment
(Version 3.3 R10187c, Medviso AB, Lund, Sweden, http://segment.heiberg.se) (56),

using deformable registration as the underlying FT method, the reproducibility of

segmental strain has been demonstrated (33). Moreover, we closely matched cardiac
MRI cine sequences and T1 and T2 maps for baseline and follow-up examinations by
two mechanisms: AHA-segmentation of the myocardium and transfer of the cine
sequences’ strain silhouettes onto the maps.

Considering statistical methodology, the traditionally used change score analysis has
been shown not to estimate causal effects in observational studies (93). Hence, we
applied mixed-effects hierarchical models recommended in this case (63).

The value of myocardial strain has been assessed for various disease entities (64—71)

and task fields, e.g., outcome prediction (72—74) and diagnostic assessment (75-77).
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Recent publications on myocardial infarction or acute coronary syndrome frequently
apply segmental peak strain to measure cardiac function (78-82). In contrast, the
approach of AHA-segmental peak strain is a relative novelty in assessing myocardial
function in cardiac MRI of patients with myocarditis (83). The majority of recently
published studies used LVEF (84-87) or global peak strain (88-93) to quantify
myocardial function in myocarditis. However, numerous cardiac diseases do not involve
the heart as a whole in the early stages but are limited to regional impairments in
separate myocardial segments. Global measures, like the heart's ejection fraction or the
global myocardial peak strain, are thus less likely to detect early dysfunction (27-29).
Furthermore, strain measurements were intended to serve as a quantitative marker for

the regional, not the global, myocardial function in the first place.

4.3 Association of positive EMB result with recover y of myocardial

peak strain [model i)]

The significant improvement of myocardial function from the baseline to the follow-up
examination in our study cohort is not unexpected, ranging from 2.0% (global and
segmental circumferential SAX peak strain) to 6.6% (global radial SAX peak strain)
during the course of the disease (cf. Table 8). The functional recovery as an expression
for the healing process might be traced to physical rest, appropriate medical therapy for
heart failure, and/or anti-infective or immunosuppressive medication, respectively.
Literature on the functional outcome, i.e., the development of myocardial function over
time, in patients with myocarditis assessed by cardiac MRI is sparse. However, many
studies have investigated global and partly regional cardiac function in patients with
acute myocarditis one-time. Their two major findings were that a) the myocardial function
in patients with myocarditis is significantly lower than in healthy controls, and b) the
myocardial strain is more sensitive to detect this impairment than LVEF. These
perceptions led the authors to conclude that the myocardial strain could help in
diagnosing  myocarditis  (7,47,71,83,84,88-92,94-100).  Currently,  functional
abnormalities are only regarded as a supportive criterion since they are not specific to
myocarditis (23).

In most of the abovementioned studies, echocardiography was used to evaluate LVEF
or strain (7,47,71,94,96-100), especially in those with follow-up examinations. This may
be due to the fact that echocardiography is less expensive and complex, more widely
available, and has fewer contraindications than MRI. In contrast to our investigation, only

a few above-cited studies confirmed the suspected diagnosis of myocarditis by EMB,
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most likely owing to the risk of complications (7,47). Besides the use of echocardiography
instead of MRI and the lack of EMB in resembling myocarditis studies, partly low case
numbers, investigations in pediatric patients, or targeting specific diseases, like COVID-
19 or systemic lupus erythematosus, make it more difficult to draw comparisons to our
work (7,71,83,88,91,94,96-98,100). Surveys that deal with the functional outcome in
patients with myocarditis, i.e., that include follow-ups, are less frequent. However, all of
those have in common to have found an improvement in cardiac function from baseline
to follow-up (7,47,71,89,97,99,100), as we observed, too.

Hypothetically, the observed functional improvement could be based on the “hibernating
or stunned myocardium” concept on the cell level. The term “hibernating or stunned
myocardium” was initially introduced to describe the reversible state of reduced
myocardial contractility due to transient acute ischemia among patients with coronary
artery disease. In hibernating or stunned myocardium, the heart muscle cells shut down
their contractions to remain viable during ischemia. The difference between hibernating
and stunned myocardium is the period it takes the myocardial cells to recover
functionally. The myocardial function in hibernating cells can recover as soon as the
normal perfusion is restored, e.g., by coronary artery bypass or percutaneous coronary
intervention. While hibernating myocardium can return to normal function by the time of
reperfusion immediately, stunned myocardium shows persistent wall motion
abnormalities for several days despite rapid reperfusion. That means the stunned
myocardium has a regular blood supply but is not contractile (101).

This concept could also apply to myocarditis, albeit the underlying tissue damage is not
caused by reduced perfusion in the first place as in coronary artery disease. However,
regarding the pathomechanism of inflammation, the tissue damage is followed by a
short-term ischemic phase, too. Afterward, the ischemia passes into hyperemia and
edema. Inflamed myocardial cells might stay viable due to hyperemia as part of the
pathophysiological inflammatory process. However, under the impact of a damaging
agent, such as microbiological pathogens, toxic substances, or autoimmune reactions,
and the resulting immune response, they might not be able to maintain contractions to
the same extent as healthy muscle tissue can. After eliminating that damaging agent,
hyperemia and edema usually decline, and the surviving myocardial cells might regain

their contraction ability. Further investigations could address this hypothesis.

43



4.4 Cross-sectional association of T1 and T2 relaxa tion times with

myocardial peak strain [model ii)]

In our work, we investigated the relationship between myocardial function and
myocardial tissue characteristics in myocarditis assessed by cardiac MRI (cf. Table 9).
We evaluated the myocardial function via strain values captured from cardiac MRI cine
sequences, with lower absolute strain values representing a poorer myocardial function.
We used T1 and T2 relaxation times derived from cardiac MRI mapping to quantify
myocardial tissue characteristics. Increased free water content in tissues is usually found
in expanded extracellular volume and fibrosis, leading to high T1 relaxation times. Thus,
T1 mapping can quantify regional or diffuse fibrosis, edema, or amyloidosis, validated by
histological findings (102-105). T2 mapping is mainly used to detect myocardial edema,
quantified, and reflected by high T2 relaxation times (106,107).

Our cross-sectional analyses show significant associations between increased T1 and
T2 relaxation times and lower segmental myocardial peak strain. Partly, such
associations apply to global peak strain, too. We conclude that fibrosis and edema in
myocardial tissue (quantified by T1 and T2 relaxation times) might cause poor
myocardial function in the affected AHA segments, whereby the amounts of fibrosis and
edema might be associated with the degree of strain impairment (dose dependency).
Pathophysiologically, this finding might be explained by a reduced number of contractile
myocardial cells and an increased extracellular volume without contractile ability, filled
with edema and fibrosis. In myocarditis, cell damage triggers an immune response,
including t-lymphocytes and antibodies, that leads to an inflammatory reaction. The
necrotic tissue is removed during that process, and granulation tissue develops,
transforming into fibrotic tissue over time (1).

Resembling studies came to the same conclusion (96-98,108). Meindl et al. used LGE
in cardiac MRI to detect areas of necrotic, fibrotic, or scarred tissue in 31 patients with
myocarditis. They found significantly lower regional longitudinal strain values in AHA
segments without LGE, meaning the absolute strain values were higher in segments
without LGE. Thus, the myocardial function, assessed by 2D speckle tracking
echocardiography, was better in regions without non-ischemic myocardial injury. Similar
results have been reported by Kostakou et al. (98). In another study, 33 pediatric
myocarditis patients aged between four and 17 years were examined by
echocardiography for myocardial strain evaluation and cardiac MRI for fibrosis and
edema assessment. The authors demonstrated that the segmental longitudinal strain

was significantly impaired in edematous regions in an MRI T2-weighted sequence (97).
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Investigating 29 patients with myocarditis, Goody et al. also found significant
associations between regional changes in myocardial texture, such as edema,
hyperemia, necrosis, and fibrosis [assessed by MRI T2-weighted short tau inversion
recovery (STIR) sequences, EGE, and LGE], and reduced segmental longitudinal, radial,
and circumferential strain, obtained by 2D and 3D speckle tracking echocardiography
(108).

Nevertheless, differences in study design, such as the use of echocardiography instead
of cardiac MRI for myocardial strain evaluation and MRI LGE instead of mapping to
assess myocardial injury, the lack of EMB to confirm the diagnosis, lower case numbers,
and the investigation of pediatric patients or longitudinal strain only, might limit the
comparability with our work (96-98,108). To our knowledge, our study is the first to
investigate the relationship between segmental myocardial strain derived from cardiac
MRI cine sequences and T1 and T2 relaxation times derived from cardiac MRI
parametric mapping. Our findings might be of clinical relevance since they suggest that
assessing the segmental myocardial strain and the matching T1 and T2 time values
allows the localization and evaluation of the extent of myocardial involvement in
myocarditis. According to previous studies (27-29,97), the segmental myocardial strain
appears to be more sensitive regarding the detection of early and subtle changes in
myocarditis compared to conventional echocardiographic parameters like LVEF. As

further research might prove, the same could apply to T1 and T2 time values.

4.5 Longitudinal association of peak strain recover y and change of

relaxation times from baseline to follow-up [model ii)]

Our results show significant associations between decreasing T1 relaxation times and
increasing segmental myocardial peak strain values from baseline to follow-up
examination (cf. Table 10). For the global strain models, only the radial peak strain’s
improvement in the SAX view was significantly related to decreasing T1 relaxation times
over time. These findings support our hypothesis that regional myocardial function
depends on the amount of edema and fibrosis and that functional impairment is at least
partially reversible. Thus, a decline, particularly in edema, usually causes an
improvement in cardiac function. This assumption has earlier been confirmed by Chinali
et al. in their study concerning myocarditis in children. They observed the reversibility of
reduced cardiac performance in most patients, too. Moreover, they stated that the

presence of fibrosis, depicted by LGE in follow-up cardiac MRI, was significantly higher
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in cases with persistently impaired global longitudinal strain in follow-up
echocardiography (97).

Several investigations have been conducted to determine the value of T1 mapping in
quantifying myocardial fibrosis (104,105). In these studies, EMB was performed to allow
the correlation between histology and imaging techniques. The authors discovered
significantly lower post-contrast T1 relaxation times in patients with cardiomyopathy or
heart failure than in healthy controls. Post-contrast T1 relaxation times were also
inversely correlated with histologic fibrosis (104,105). Moreover, the worse the diastolic
function, assessed by echocardiography, the shorter the post-contrast T1 relaxation
times, as stated by lles et al. (104). The latter indicates an impairment in diastolic function
due to diffuse fibrosis. However, these results can not directly be compared to our
findings since we analyzed native cardiac MRl mapping in patients with suspected
myocarditis. In contrast, post-contrast T1 mapping was used in patients with
cardiomyopathy or heart failure in the abovementioned studies. The MRI contrast agent
gadolinium lowers T1 relaxation times, so in fibrotic tissue with lately washed-out
gadolinium, T1 relaxation times were shorter than in healthy tissue (104,105). In our
investigation, based on native T1 mapping, T1 relaxation times are higher in functionally
impaired regions of the myocardium. Nevertheless, the authors of the studies mentioned
above conclude that myocardial T1 relaxation times represent diffuse fibrosis (104,105).
In our analyses, decreasing T2 relaxation times from baseline to follow-up were only
significantly associated with improving global longitudinal peak strain in LAX and
segmental radial peak strain in LAX. As explained earlier, high T2 relaxation times reflect
edema in myocardial tissue (106,107). Moreover, some studies suggest increased T1
relaxation times also provide evidence for myocardial edema (e.qg., (109)).

The unassisted reversibility of myocardial fibrosis is assumed to be strongly limited (110).
Hence, the described decline mainly in edema (quantified by T1 and T2 relaxation times)
and the growth in myocardial function are consistent with the typical pathophysiological
course of myocarditis, where tissue damage and reduced function are predominantly
observed in the acute and subacute phases of the disease (111). On average, follow-up
investigations in the MyoRacer-Trial have been conducted three to four months after
baseline examination, where myocardial tissue and its functionality usually are about to
recover. Thus, cardiac MRI mapping techniques may help assess the degree of
inflammation and discriminate between the different stages of the disease. Additionally,
repeated application of cardiac MRI mapping can be a valuable tool to monitor the

healing process and to indicate a necessary EMB in patients with persistent inflammation
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to determine further treatment. The outstanding performance of native T1 and T2
mapping and longitudinal strain in diagnosing myocardial inflammation compared to
conventional cardiac MRI parameters (as used in the LLC) has already been confirmed
by earlier studies (109,112-114). Moreover, native mapping technigques do not require

the application of contrast agents, which is another advantage (114).

4.6 Association of baseline relaxation times with f  unctional recovery

[model iv)]

Increased T1 and T2 baseline relaxation times were significantly associated with a more
substantial strain recovery from baseline to follow-up in our study population (cf. Table
11). l.e., the higher the baseline relaxation time, the larger the functional recovery. This
finding suggests that pronounced pathological changes in inflamed myocardial tissue,
especially edema (as fibrotic changes usually only appear in late disease stages at FU
examinations (2,13,115)), may be reversible, so damaged tissue appears to have a high
capacity to recover. We conclude that T1 and T2 relaxation times at baseline can be of
prognostic value regarding functional recovery in myocarditis.

Earlier studies obtained similar results, using LVEF to quantify the myocardial function
instead of myocardial peak strain, as we did (47,109,116). In a large study including 443
patients with confirmed myocarditis, Ammirati et al. found correlations between
complicated myocarditis at baseline (LVEF < 50% on the first in-hospital
echocardiogram) and a significantly higher functional recovery in follow-up. The average
LVEF improvement in patients with complicated myocarditis from baseline to follow-up
amounted to 3%. However, the study suffered a significant loss to follow-up (51.8%)
since it was designed retrospectively. Thus, follow-up examinations were only conducted
in case of clinical need, perhaps leading to a biased study population in follow-up.
Moreover, a histological examination of the myocardium was merely performed in 13.7%
of all patients (47). Luetkens et al. reported a significant association between baseline
T1 and T2 relaxation times and the difference in LVEF from baseline to follow-up in
patients with myocarditis (109). Vermes et al. also found that myocardial edema at
baseline was strongly correlated to a rise in LVEF = 5% during the healing process of
inflamed myocardium (116).

In our analyses, the absolute functional improvement from baseline to follow-up ranged
from 2.0% (global and segmental circumferential SAX peak strain) to 6.6% (global radial
SAX peak strain) with significant correlations to baseline T1 relaxation time for global

and segmental circumferential and segmental radial peak strain in SAX view. Despite
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the use of myocardial peak strain instead of LVEF, our work's underlying trend of

associations is consistent with the abovementioned studies (47,109,116).

4.7 EMB effect modification

In the MyoRacer-Trial, EMB was performed to confirm or rule out suspected myocarditis.
As likelihood ratio tests showed, the EMB result did not exhibit an effect modification for
the observed associations. l.e., the correlations between myocardial peak strain and T1
and T2 relaxation times are valid for all MyoRacer probands, regardless of a positive or
negative EMB result for myocarditis. Since the observed associations are not specific to
biopsy-proven myocarditis in our work, it is conceivable that they might also apply to
other cardiological patients presenting with myocardial edema, fibrosis, and impaired LV
function to some extent. Consequently, baseline T1 and T2 relaxation times, both
quantifying myocardial edema (among other things), might also help predict the
development of LV function in further cardiac disease entities involving the myocardial
tissue.

In our analyses, one exception showed up for the cross-sectional association between
segmental radial peak strain in LAX and T1 relaxation time (cf. Table 9). We obtained a
significant effect modification by EMB result for this particular statistical model, likely
caused by multiple testing without correction. Moreover, myocarditis in EMB was
significantly associated with lower segmental radial peak strain in the SAX view in the
baseline examination (cf. Table 8). l.e., on average, patients with an EMB-confirmed
diagnosis of myocarditis had a worse LV function at baseline than EMB-negative
patients. Although this correlation applied to segmental radial peak strain in SAX view
only, it is comprehensible due to the early pathological changes in inflamed myocardial
tissue, such as edema. As explained above, our analyses linked these changes to
impaired myocardial function.

All things considered, the observed associations between myocardial strain and T1 and
T2 relaxation times could possibly apply to patients with various myocardial disease
entities. This presumption appears coherent, even if no resembling studies can serve as

references yet. Thus, it could be a target for future research.

4.8 Segmental versus global peak strain models

The myocardial strain serves as a quantitative marker for the regional function of the

myocardium. Numerous cardiac diseases do not involve the heart as a whole in the early
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stages but are limited to regional impairments in separate myocardial segments. Global
measures, like the heart's ejection fraction, are thus less likely to catch early dysfunction
(27-29). Various studies confirmed that global myocardial strain values were superior to
LVEF regarding the early identification of LV dysfunction and the prediction of the
development of major adverse cardiovascular events (74,77,93,98).

For our work's investigated correlations between myocardial strain and T1 and T2
relaxation times, segmental peak strain models showed more often significant p-values
than global peak strain models, indicating that the segmental strain might be more
accurate, especially concerning the extent and localization of myocardial damage.
Among the segmental models, the radial peak strain was the only one with significant
associations for all analyzed combinations in our study. Literature on the value of
segmental myocardial peak strain regarding the diagnosis and prognosis of myocarditis
needs to be more extensive. However, some studies have investigated segmental
longitudinal strain (96,97,108), observing a significant concordance between myocardial
segments with impaired longitudinal strain and regional changes in texture. Our results
suggest that the segmental radial peak strain might be even more reliable than the
segmental longitudinal peak strain, especially regarding the prediction of functional
development depending on the baseline T1 and T2 relaxation times. Thus, a regular
survey of segmental myocardial peak strain parameters in the setting of clinically

suspected myocarditis can be recommended.

4.9 Clinical implications

Regarding pathophysiological processes in typical myocarditis, damage to
cardiomyocytes is based on the toxic agent, the body’s immune response to it, and
potentially resulting autoimmune reactions. The disease can become chronic if
pathogens are not entirely eliminated or the immune response does not stop (13).
Pathological changes in the inflamed myocardium often include the development of
fibrosis caused by increased collagen anabolism. This condition can be partially
reversible but can also become permanent. The latter is known as myocardial
remodeling, leading to stiffer and tighter heart walls and, thus, to systolic and diastolic
dysfunction. It is long-term linked to DCM and heart failure (115).

Our analyses revealed that the higher the baseline T1 relaxation time (quantifying
myocardial edema and regional or diffuse fibrosis (102-105)), the larger the recovery of
myocardial strain at follow-up. Hence, identifying myocarditis activity on the segmental

level may be a treatment target for (potentially MRI-guided) intramyocardial injections of
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stem cells for patients with an incomplete or scarcely proceeding fibrosis regression
during the healing process. The therapeutic injection of stem cells directly into the
myocardium after cardiac ischemia has been a research subject in recent decades
(115,117-123). The stem cells often derive from abdominal adipose tissue (adipose-
derived stromal cells, ASC) or the bone marrow (mesenchymal stromal cells, MSC)
(124). Several preclinical trials have been conducted in animals to investigate the
potential of MSC injections in infarcted hearts. Promising results were observed, such as
decreased scar tissue and improved contractility (125-128). Hence, research has been
continued by clinical trials of MSC therapy for cardiac repair in patients with acute
myocardial infarction and chronic ischemic cardiomyopathy. In various studies, patients
with ischemic heart failure with reduced ejection fraction (HFrEF) benefitted from
intramyocardial injections of autologous ASC or MSC, e.g., reflected by improved cardiac
function (LVEF), reduced scar tissue, and fewer hospitalizations due to angina pectoris
attacks after four years (124,129,130). Moreover, the results of the POSEIDON-DCM
(Percutaneous Stem Cell Injection Delivery Effects on Neomyogenesis in Dilated
Cardiomyopathy) study demonstrated an improvement in myocardial function and quality
of life in patients with DCM treated with MSC (131,132).

The positive effects of MSC on diseased myocardium primarily comprise an immune
response suppression and a paracrine release of stimulating and trophic messenger
substances that support the resident cells in repairing the damaged tissue. The
differentiation of stem cells to heart muscle cells only plays a tangential role in
regeneration (117,133,134). Treatment with stem cell injections in pathologically
changed heart tissue might help prevent or regenerate myocardial remodeling and its
conseqguences, such as DCM and heart failure. Our results suggest that regional T1 and
T2 relaxation times and myocardial strain are valuable tools for identifying myocardial
segments affected by fibrosis, edema, and functional impairment in patients with
clinically suspected myocarditis. Those segments could serve as targets for
intramyocardial stem cell therapy, too.

Moreover, our analyses show strong correlations between myocardial function and tissue
characteristics, regardless of the EMB result. Thus, an early comprehensive cardiac MRI
for patients with clinically suspected myocarditis appears valuable for detecting even
subtle pathological changes and making a quick diagnosis so that an EMB might not be
necessary. The depiction of regional MRI strain values and relaxation times of the whole

LV myocardium (in contrast to a few separate samples from EMB) also provides more
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detailed information on the localization of affected myocardial tissue and the extent of

myocardial injury in these areas.

4.10 Study limitations

Several limitations of this study merit consideration. First, as with all non-experimental
observational studies, the ability to conclude causal effects from the data is limited, and
the results should be interpreted as hypothesis-generating. In our study, the dose-
dependent effect of myocardial relaxation times on cardiac function in cross-sectional
and longitudinal contexts is highly suggestive of a causal relation or, at least, that we
observe strong proxies of these effects.

Second, this secondary analysis of a non-randomized diagnostic trial study was not a
priori specified. Hence, the power necessary to test the investigated hypothesis was not
considered in the original study design and inclusion of patients. Also, multiple
comparisons conducted in this study will likely inflate Type-1-Error. Moreover, we did not
apply any correction for multiple comparisons due to the non-experimental design of our
study (62).

Third, we performed a complete case analysis without imputation of missing data, which
may lead to biased estimates of the investigated associations. Both, the computational
complexity and the complexity in the specification of the missingness model in multilevel
hierarchical data, impeded the use of adequate imputation methods in this study.
Fourth, measuring T1 and T2 time is challenging (135) and is prone to various error
sources (acquisition, coregistration, exponential fitting, segmentation). This uncertainty
on the predictor variables may have caused regression-dilution bias with consequently
shrunken absolute regression coefficients. Therefore, weak associations may have been
masked in our statistical analysis. However, we tried to limit these effects by an iterative
registration procedure and the applied weighting and masking of the regions of interest
to measure segmental relaxation times by the residuals (r?) of the model fitting
procedure.

Fifth, the acquired MRI mapping and cine sequences used in this study do not cover all
segments of the AHA model of the LV myocardium since no 3-chamber views had been
obtained. Also, for the apical and basal layers in the SAX view, no T1 or T2 maps were
available. Thus, our results concerning the relations between strain and T1 and T2
relaxation times refer to the LV in the 2Ch view, 4Ch view, and the midventricular layer

of the SAX view only. Hence, the term “global” peak strain may be misleading. Moreover,
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myocardial tissue characteristics of the RV could not be depicted in cardiac MRI mapping
since the myocardium layer is generally too thin.

Further, this work only followed up with the in-plane association of relaxation time and
segmental peak strain. The relation of T1 time and perpendicular strain (e.g., the relation
between longitudinal strain from the 4Ch plane and 2Ch plane with relaxation times from
corresponding SAX segments) could be addressed in further studies, preferably with a
cardiac MRI sequence protocol covering all AHA segments. Also, emerging three-
dimensional imaging techniques for cine (136) or mapping sequences (137,138) could
allow the investigation on an even more granular and comprehensive level.

Finally, measuring segmental peak strain values via speckle tracking is demanding since
regional tissue patterns usually do not offer notable landmarks to be tracked. In contrast,
for global strain assessment, the heart’'s apex and the mitral annulus serve as solid and
relatively constant landmarks during the cardiac cycle. Thus, interobserver variability has

been reported to be higher than for evaluating global peak strain (139).

4.11 Conclusion

Our cross-sectional and longitudinal analyses provide evidence of dose-dependent
correlations between T1 and T2 relaxation times and myocardial peak strain in patients
with clinical presentation of myocarditis, regardless of the EMB result. Thus, assessing
strain values and mapping relaxation times helps estimate the functional prognosis in
patients with clinically suspected myocarditis.

Due to the strong correlations between myocardial function and tissue characteristics on
the segmental level in our analyses, an early comprehensive cardiac MRI for patients
with clinically suspected myocarditis appears valuable for detecting subtle pathological
changes and making a quick diagnosis. The regional values of strain and relaxation times
also provide detailed information on the localization of affected myocardial tissue and the
extent of myocardial injury in these areas. The segmental myocardial strain appears to
be more sensitive regarding the detection of early and subtle changes in myocarditis
compared to conventional echocardiographic parameters like LVEF. More precisely, our
results suggest that the segmental radial peak strain might be even more reliable than
the segmental longitudinal peak strain, especially regarding the prediction of functional
development depending on the baseline T1 and T2 relaxation times.

Moreover, cardiac MRI repetitions, including segmental peak strain evaluation and T1
and T2 mapping, help monitor the inflammation activity and the healing process during

the course of the disease. Thus, patients in need for specific therapies or further
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diagnostic investigations, such as EMB, can be recognized. Finally, our results might
also apply to other myocardial disease entities since we did not find an effect modification

by the presence of myocarditis in EMB.

4.12 Outlook

To estimate the development of the LV function during the healing process of myocardial
inflammation is fundamental for planning follow-up examinations and deciding treatment
options. So eligible parameters for making reliable predictions on the functional outcome
must be explored further. In this regard, a viable approach could be the combination of
T1 and T2 relaxation times. Moreover, surveys on alternative outcomes in patients with
myocarditis, e.g., concerning the quality of life or the New York Heart Association (NYHA)
status in the follow-up investigation, enrich future research content with data derived from
the MyoRacer-Trial.

The early diagnosis of myocarditis via subtle changes in myocardial tissue, represented
by T1 and T2 time values in cardiac MRI mapping, could also be subject to further
investigation. As for segmental myocardial strain, the sensitivity of these variables
regarding the early detection of inflammation might be higher than that of conventional
echocardiographic parameters like LVEF.

The associations between myocardial strain and T1 and T2 relaxation times observed in
this work may apply to patients with various myocardial disease entities. Since no
resembling studies are available to reference, this could be another target for future
research. Further, the present investigation only followed up with the in-plane association
of relaxation times and segmental peak strain. The relation of T1 time and perpendicular
strain (e.g., the relation between longitudinal strain from the 4Ch plane and 2Ch plane
with relaxation times from corresponding SAX segments) could be addressed in further
studies, preferably with a cardiac MRI sequence protocol covering all AHA segments.
Also, emerging three-dimensional imaging techniques for cine (136) or mapping
sequences (137,138) could allow the investigation on an even more granular and

comprehensive level.
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5 Summary

5.1 Summary

The relation between LV function and cardiac MRI tissue characteristics in separate
myocardial segments and their change over time has yet to be explored in myocarditis.
Thus, our research aimed to investigate possible associations between global and
regional myocardial T1 and T2 times and peak strain in patients with suspected
myocarditis.

From 2012 to 2015, 129 patients with clinically suspected myocarditis of the prospective,
observational MyoRacer-Trial underwent systematic biventricular EMB at baseline and
cardiac MRI at baseline and after three months as a follow-up. We divided the LV
myocardium into 17 segments and estimated the segmental myocardial strain using FT.
We registered T1 and T2 maps to the cine sequences and transferred the segmentations
used for FT to ensure conformity of the myocardial segments. Multi-level multivariable
linear mixed effects regression was applied to investigate the relation of segmental
myocardial strain to relaxation times and their respective change from baseline to follow-
up.

We found a significant improvement in myocardial peak strain from baseline to follow-up
(p < 0.001; all p-values given for likelihood ratio tests) and significant associations
between higher T1 and T2 times and lower segmental myocardial peak strain (p ranging
from < 0.001 to 0.049). E.g., regression coefficient (Reg. coef.) for segmental radial peak
strain in short axis view (SRPS_SAX) and T1 time: -1.9, 95% CI (-2.6;-1.2) %/100 ms, p
< 0.001. A decrease in T1 and T2 times from baseline to follow-up was also significantly
related to a recovery of segmental peak strains (p ranging from < 0.001 to 0.050). E.g.,
Reg. coef. for SRPS_SAX per AT1: -1.8, 95% CI (-2.5;-1.0) %/100 ms, p < 0.001.
Moreover, the higher the baseline T1 time, the more substantial the functional recovery
from baseline to follow-up (p ranging from 0.004 to 0.042, e.g., for SRPS_SAX: Reg.
coef. 1.3, 95% CI (0.4;2.1) %/100 ms, p 0.004). We did not find an effect modification by
the presence of myocarditis in the EMB (p > 0.1).

Our cross-sectional and longitudinal analyses provide evidence of dose-dependent
correlations between T1 and T2 relaxation times and myocardial peak strain in patients
with clinical presentation of myocarditis, regardless of the EMB result. Thus, assessing
strain values and mapping relaxation times helps estimate the functional prognosis in

patients with clinically suspected myocarditis.
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5.2 Zusammenfassung

Die Zusammenhdnge zwischen der kardialen linksventrikularen (LV) Funktion und
magnetresonanztomographisch erhebbaren Parametern des Myokards sowie deren
jeweiligen Entwicklungen im zeitlichen Verlauf einer Myokarditis sind bisher nicht
umfassend untersucht. Daher beschattigt sich die vorliegende Arbeit mit der Erforschung
des Verhaltnisses von globalen und regionalen peak strain-Werten und T1 und T2 Zeiten
des LV Myokards in der Magnetresonanztomographie (MRT) bei Patienten mit Verdacht
auf Myokarditis.

Die MyoRacer-Studie ist eine prospektive Beobachtungsstudie, die von 2012 bis 2015
am Herzzentrum des Universitatsklinikums Leipzig durchgefihrt wurde. Dabei wurden
129 Patienten mit Kklinischem Verdacht auf Myokarditis mittels biventrikularer
Myokardbiopsie sowie kardialer MRT untersucht. Drei Monate nach der
Erstuntersuchung (EU) erfolgte eine MRT-Folgeuntersuchung (FU). Fir unsere
Analysen unterteilten wir das LV Myokard standardmaf3ig in 17 Segmente, um mithilfe
der Technik des feature trackings den segmentalen peak strain zu evaluieren. Weiterhin
registrierten wir T1 und T2 maps gegen cine-Sequenzen der MRT und Ubertrugen die
Segmentierungen aus den cine-Sequenzen zwecks Ubereinstimmung in die MRT maps.
Anschlielend analysierten wir die Zusammenhéange zwischen segmentalem strain und
T1 und T2 Zeiten und deren jeweiligen Veranderungen im zeitlichen Verlauf mithilfe
eines hierarchischen, multivariablen, gemischten linearen Regressionsmodells.

Unsere Ergebnisse zeigen eine signifikante Verbesserung der peak strain-Werte von der
EU zur FU (p < 0.001; alle p-Werte fiur likelihood ratio tests angegeben) sowie eine
signifikante Assoziation von erhféhten T1 und T2 Zeiten mit verminderten segmentalen
peak strain-Werten (p zwischen < 0.001 und 0.049). Weiterhin war ein Abfall der T1 und
T2 Zeiten von der EU zur FU signifikant mit einer Erholung der segmentalen peak strain-
Werte verknulpft (p zwischen < 0.001 und 0.050). Je héher die T1 Zeiten bei der EU
ausfielen, desto starker erholte bzw. verbesserte sich der peak strain von der EU zur FU
(p zwischen 0.004 und 0.042). Eine Effektmodifikation durch den bioptischen Nachweis
einer Myokarditis war nicht zu beobachten (p > 0.1).

Unsere Quer- und Langsschnittanalysen belegen dosisabhangige Zusammenhange
zwischen T1 und T2 Zeiten und myokardialen peak strain-Werten bei Patienten mit dem
klinischen Bild einer Myokarditis, unabhangig vom Ergebnis der Myokardbiopsie. Daher
ist die Bestimmung von T1 und T2 Zeiten und myokardialem strain mittels kardialer MRT
zur Abschatzung der funktionellen Prognose bei Patienten mit klinischem Verdacht auf
Myokarditis hilfreich.
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I List of abbreviations

AHA =
ASC =
AV =
bSSFP =
Cl =
circ =
CK-MB =
COVID-19 =
CT =
DCM =
ECG =
ECV =
ED =
EGE =
EMB =
ES =
ESC =
EU =
FT =
FU =
HFrEF =
HIV-1 =
Int. =
LAX =
LGE =
LLC =
long =
LR test =
LV =
LVAD =
(LV)EF =
MOLLI =
MRI =

American Heart Association
adipose-derived stromal cells
atrioventricular

balanced steady-state free precession
confidence interval

circumferential

creatine kinase of the myocardium
coronavirus disease 2019

computer tomography

dilated cardiomyopathy
electrocardiogram

extracellular volume

end-diastolic

early gadolinium enhancement
endomyocardial biopsy

end-systolic

European Society of Cardiology
Erstuntersuchung

feature tracking
follow-up/Folgeuntersuchung

heart failure with reduced ejection fraction
human immunodeficiency virus-1
interaction

long axes

late gadolinium enhancement

Lake Louise Criteria

longitudinal

likelihood ratio test

left ventricle/left ventricular/linksventrikul&r
left ventricular assist devices

(left ventricular) ejection fraction
modified Look-Locker inversion recovery

magnetic resonance imaging



MRT

MSC

NT-proBNP
NYHA

PCR
POSEIDON-DCM

rad

Reg. coef.
RV
SARS-CoV-2
SAX

SD
SRPS_SAX
STIR

TE

TI

TR
VA-ECMO

AT

2Ch
4Ch

Magnetresonanztomographie

mesenchymal stromal cells

N-terminal pro—B-type natriuretic peptide

New York Heart Association

polymerase chain reaction

Percutaneous Stem Cell Injection Delivery Effects
on Neomyogenesis in Dilated Cardiomyopathy
radial

regression coefficient

right ventricle

severe acute respiratory syndrome coronavirus 2
short axis

standard deviation

segmental radial peak strain in short axis view
short tau inversion recovery

echo time

inversion recovery time

repetition time

veno-arterial extracorporeal membrane
oxygenation

relaxation time at follow-up minus relaxation time
at baseline

2-chamber

4-chamber
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