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Abstract

Background: During the recent pandemic with the severe acute respiratory syndrome-
corona virus-2 the first messenger ribonucleic acid (mRNA) vaccines were approved. To
facilitate mass vaccination, confidence of the general population in these new vaccines
is mandatory, which is in turn strongly dependent on the availability of reliable data on
complications.
Objective: Summary of the current knowledge on mRNA vaccination-associated
myocarditis as a potentially fatal side effect.
Methods: Systematic literature review.
Results: Diagnostic algorithm for the postmortem diagnosis of mRNA vaccination-
associated myocarditis.
Conclusion: Autopsy series of fatalities following mRNA SARS-CoV-2 vaccination up to
6 weeks with subsequent sophisticated and interdisciplinary work-up are necessary to
complement clinical data on vaccination-associated myocarditis, especially regarding
the incidence of fatal courses.
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Introduction

Effective forms of treatment for the coron-
avirus disease 2019 (COVID-19) are limited
[1]. Thus, mass vaccination is applied to
protect individuals from serious disease
and gain control of the severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-
2) pandemic [2]. New virus variants can
exhibit increased virulence [3] and drive
breakthrough COVID-19 cases despite full
immunization [4]. Nevertheless, vaccina-

tion is effective against several virus vari-
ants [5, 6] and protects against severe
disease in the case of a breakthrough [7].
How often adjustments of the vaccines
and boosters will be necessary is currently
unclear. Thus, it seems likely that vaccina-
tionremainsadominatingcontrol strategy.
The pandemic led to the first approval of
messenger ribonucleic acid (mRNA) vac-
cines [8], from the scientific point of view
a well and decade-long known [9] promis-
ing technology [8] with a wide range of
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potential applications far beyond SARS-
CoV-2 [8, 9]. Nevertheless, from the gen-
eral population’s point of view it remains
a “new” technology having been rapidly
approved for the first time. As new vac-
cines are sometimes confronted with pub-
lic skepticism [10], reliabledata about their
safety are the basis for general acceptance
[11]. Thus, acquisition of reliable data re-
garding complications of mRNA vaccines
is mandatory to support mass vaccination.

The mRNA vaccination-associated my-
ocarditis (VAM) was repeatedly discussed
in the media. Clinical studies showed that
the mRNA-VAM usually has a mild course
[12]. Nevertheless, a myocarditis is po-
tentially fatal [13, 14]. Systematic post-
mortem work-up of fatalities after mRNA
vaccination would be the basis for reliable
epidemiological data regarding fatal side
effects. Such data are hardly available (e.g.
[15]), and do not comprise a systematic
diagnostic work-up [15].

This systematic review of clinical case
reports onmRNA-VAMcollects data on the
typical diagnostic findings and potential,
or necessary differential diagnostic steps
required for reliable diagnosis of VAM. As
a result of this review, a first, basic post-
mortem diagnostic algorithm for the VAM
is presented.

Methods

Systematic literature research using the
National Library of Medicine database
(https://pubmed.ncbi.nlm.nih.gov/) was
conducted (advanced search algorithm:
“(vaccine) AND (myocarditis)”; inclusion
and exclusion criteria in . Table 1). Ac-
cording to the first approval of a mRNA
vaccine, articles from December 2020
onwards were included. The last database
query was performed on 1 September
2021. Only cases of SARS-CoV-2 mRNA-
VAM were included in this review. Calcu-
lations were performed using Microsoft®
(Redmond, WA, USA) Excel 2016.

Results

The algorithm identified 126 articles, of
which 25 (19.8%) met the inclusion cri-
teria. These articles describe 66 cases
of mRNA-VAM. BNT162b2 (manufac-
turer: Pfizer® [New York City, NY, USA]-

BioNTech® [Mainz, Germany], also known
as Tozinameran or Comirnaty [16]) was
administered in 53 cases (80.3%) and
mRNA-1273 (manufacturer: Moderna®
[Cambridge, MA, USA], also known as
Elasomeran or Spikevax [16]) in 13 cases
(19.7%).

In 57 (86.4%) cases, myocarditis oc-
curred following the second vaccination.
In 51 instances no previous illness was re-
ported while in 6 instances analysis of the
medical history yielded prior illness:
I. 17-year-old male, status post-my-

ocarditis in 2014 (vaccine: BNT162b2,
[17])

II. 15-year-old boy with obesity and in-
sulin resistance (vaccine: BNT162b2,
[17])

III. 67-year-old male with type 2 dia-
betes, arterial hypertension, heart
failure with preserved ejection frac-
tion, status post-multiple coronary
interventions, and chronic obstruc-
tive pulmonary disease (vaccine:
mRNA-1273, [18])

IV. 39-year-old male with autoimmune
hypothyroidism, and status post-
spontaneous pneumothorax and
lobectomy (vaccine: BNT162b2, [19])

V. 70-year-old female with arterial
hypertension (vaccine: mRNA-1273,
[20])

VI. 52-year-old male with multiple
diseases, including arterial hyperten-
sion, steatosis hepatis, and coronary
calcification (vaccine: mRNA-1273,
[21]).

After the first dose myocarditis occurred
in 9 (13.6%) cases [17, 22–28], with 2
of these individuals having pre-existing
conditions:
I. 15-year-old male with Marfan syn-

drome (vaccine: BNT162b2, [17])
II. 21-year-old male with bronchial

asthma and allergies (vaccine:
BNT162b2, [24])

In 7 instances (10.6%), a history of SARS-
CoV-2 infectionprior to vaccinationwas re-
ported (in 1 case mRNA-1273 vaccine [22];
in 6 cases BNT162b2 vaccine [22, 25, 26,
29]). Myocarditis occurred after the first
dose in 4 of these cases [17, 22, 26]. In 2 of
the 66 cases (3%), no information on pre-

vious SARS-CoV-2 infection was available
[30, 31].

Moremales (62of66cases; 93.9%), than
females (4 of 66; 6.1% [20, 22, 30]) were
affected. In 3 of the women, mRNA-1273
was administered [20, 22, 30]. The aver-
age age of affected women was 34.8 years
(range: 17–70 years), and for affected
men 24.5 years (range: 14–67 years, av-
erage age of men affected after first dose
25.1 years; average age of men affected
after second dose 24.4 years).

Imaging

Magnetic resonance imaging (MRI) was re-
ported in 57 cases (86.4%; 9 cases (13.6%)
without reported MRI [17, 18, 28, 32]).
For MRI-based diagnosis usually the Lake
Louise Criteria were applied (e.g. [33]).
Late gadolinium enhancement was typi-
cally located subepicardially (e.g. [33]). If
no MRI was reported, diagnosis was based
on laboratory findings, clinical presenta-
tion, andelectrocardiogram(ECG) changes
[32].

The left ventricular ejection fraction
(LVEF)was reported in all but 1 case (98.5%
of the included cases). In 60 cases (90.9%),
LVEF was described as “normal”, “good”,
“preserved” or “more than 50%”. In 6 cases
(9.1%), LVEF was below 50% [20, 25, 26,
33, 34].

Endomyocardial biopsy

Endomyocardial biopsies were reported in
2 cases (3%), without further information
on number and localization of the biopsies
[25, 26]. In both instances, no histological
evidence of myocarditis was found [25,
26].

Differential diagnostic work-up:
infectiology

In none of the cases virological analysis
of myocardium was reported while other
virologicalwork-up to a varyingextentwas
reported in 20 cases (30.3%). In 2 cases
(3%) only influenza testingwasmentioned
[32]. Other case reports described virus
panels that were not further explained,
such as a “respiratory virus panel” [25] or
a “cardiotropic virus panel” [31].
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Table 1 Inclusion and exclusion criteria for the literature review

Included articles and cases Excluded articles and cases

Detailed information on the diagnostic
work-up to secure diagnosis of mRNA
SARS-CoV-2 vaccination-associatedmy-
ocarditis.
Language: English, Spanish, German

Case reports not providing information on the diag-
nostic process.
Language other than English, Spanish, or German.
Vaccination-associatedmyocarditis other than from
the mRNA SARS-CoV-2 vaccination

mRNAmessenger ribonucleic acid, SARS-CoV-2 severe acute respiratory syndrome-corona virus-2

Some reports described varying types
of bacteriological work-up [33]. Blood
cultures were acquired in 1 case (1.5%)
[34]. Mycoplasma pneumonia was found
in 1 case (1.5%) [35], and this individual
was prophylactically treated with doxycy-
cline [35]. In 1 instance (1.5%), unspecified
treatment of sepsis was reported [18].

Differential diagnostic work-up:
autoimmune disorders

In 8 cases (12.1%), autoimmune disease
work-up was explicitly mentioned [21, 27,
36]. In 1 report, antibody and immune cell
analyses were performed [21], while other
reports did not specify their autoimmune
diagnostic panel further [27, 36]. None of
the analyzed cases exhibited an autoim-
mune disorder [21, 27, 36].

Differential diagnostic work-up:
toxic myocarditis

In 6 cases (9.1%), toxic myocarditis was
explicitly mentioned as a differential diag-
nosis. In these, themedical history yielded
no hint for toxic myocarditis [27].

The supplement provides more details
on identified clinical reports (further read-
ing) and clinical features and the time to
onset of symptoms after vaccination.

Discussion

Epidemiology of myocarditis

The prevalence of myocarditis in the
general population has been reported be-
tween 10 and 105 individuals per 100,000
[37]. Viruses have been described as
the most frequent cause of myocarditis
[14], with 1–10 viral myocarditis cases
per 100,000 per year [38]. Globally, the
coxsackie virus is the most frequently
detected virus [37].

SARS-CoV-2 can cause acute and
chronic myocardial damage [39]. Of
100,000 infected patients 1000–4000 have
been estimated to develop a COVID-19-
associated myocarditis [38]. Compared
to these numbers, mRNA SARS-CoV-2-
VAM is rare with around 2.13 cases out
of 100,000 with the highest incidence in
the young (i.e. between 16 and 29 years)
[40]. Survival rates ofmore than 99% have
been described for the mRNA-VAM [38],
although no systematic work-up of fatali-
ties in chronological connection to mRNA
SARS-CoV-2 immunization has been pre-
sented to date. Thus, unknown fatalities
due to mRNA-VAM must be assumed.

Assessing the reviewed cases

According to diagnostic criteria developed
for smallpox VAM, diagnosis of VAM can
only be confirmed by histology [41], while
diagnosis based on MRI and laboratory
tests is classified as probable [41]. Diag-
noses based on ECG and clinical appear-
ance alone are rated as suspected cases
[41]. Thus, applying the aforementioned
diagnostic criteria, none of the 66 cases
reviewed can be rated as confirmed VAM.
In 57 cases, the diagnosis is probable, and
in 9 instances suspected.

Endomyocardial biopsies and MRI

Myocarditis is a “patchy” pathology [42]
somehow scattered over the heart. There-
fore, up to 17 endomyocardial biopsies
have been reported to be required to de-
tect approximately 79% of cases of right
ventricular involvement [43]. In the post-
mortem setting at least 16 samples (i.e.
8 left, and 8 right ventricular specimens,
including the conduction system) are rec-
ommended [44].

Since these diagnostic criteria were
developed, various diagnostic modalities
have improved. Nowadays, MRI using

the Lake Louise criteria allows diagnosis
with a sensitivity of 69% and a specificity
of 91% [45]. So, cardiac MRI might be
the most important diagnostic tool in
a clinical setting [46], although in early
stages of inflammation MRI is restricted
[47]. In the postmortem setting MRI is
not yet elaborated for the diagnosis of
myocarditis [48].

The mRNA SARS-CoV-2 VAM inflamma-
tory lesions are usually positioned subepi-
cardial (e.g. [34]). Thus, reaching them by
endomyocardial biopsywithout jeopardiz-
ing the patients’ well-being is question-
able. Consequently, the diagnostic criteria
developed for the smallpoxVAMarehardly
applicable nowadays for the diagnosis of
mRNA-VAM.

Histology andmyocarditis

Histological diagnosis ofmyocarditis is lim-
ited by numerous factors, including inter-
observer variability [49], sampling error
[50, 51], and the broad etiological [14, 37]
and histological spectrum of myocarditis
[13]. Hence, a high level of expertise is
necessary for sufficient histological diag-
nosis of myocarditis [50] (e.g. differenti-
ation of distinct eosinophilic heart syn-
dromes [52]). Nevertheless, histology, es-
pecially immunohistology, is mandatory
for the diagnosis of myocarditis [44, 53,
54]. The importance of histology in the
postmortem setting is strengthened by
postmortem limitations of MRI [48] and
an almost unrestricted access to myocar-
dial tissue during autopsy. Thus, histology
is the key to the diagnosis of myocardi-
tis in the (forensic) pathological setting
allowing identification of predisposed ar-
eas, characterization of the inflammatory
lesions, and detection of small (potentially
early and subclinical) lesions.

Differentiation of the cell types forming
the infiltrates (e.g. by immunohistochem-
istry [55]) and molecular pathology [56]
may provide insights into the mechanisms
underlying mRNA SARS-CoV-2 VAM and
potentially allow differentiation between
“real” mRNA-VAM and other simply coin-
cident myocarditis cases due to a more
likely cause such as a virus [14].
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Fig. 18Diagnostic algorithm for the diagnosis ofmRNAvaccination-associatedmyocarditis.Potential diagnostic algorithm
for the diagnosis ofmRNASARS-CoV-2 vaccination-associatedmyocarditis.mRNAmessenger ribonucleic acid, SARS-CoV-
2 severe acute respiratory syndrome-corona virus-2

Differential diagnosis

Causes of myocarditis are manifold (e.g.
several drugs [37], toxins [57, 58], hyper-
sensitive/autoimmune phenomena [37]).
Thus, to determine whether a myocarditis
is just a random coincidence with the
mRNA SARS-CoV-2-immunization or is
a “real” VAM, requires differential work-
up. Thereby, VAM is a diagnosis of exclu-
sion. So, more frequent and thus more
likely causes of the myocarditis must be
sufficiently ruled out. Hence, also in the
postmortem setting, especially the viral
myocarditis mut be ruled out during the
diagnostic process of VAM. Accordingly,
complementary to histological specimens,
blood samples andmyocardial samples for
virological work-up should be obtained
[53] and analyzed as soon as histology
confirms myocarditis. Also, depending on

regional conditions and in adjustment to
the respective case, samples allowing fur-
ther toxicological, rheumatological, and
other work-up should be obtained.

Reports of individuals with immanent
myocarditis and conduction disturbances
after the vaccination are available [59].
Whether this is a distinct entity, or a sub-
form of subclinical myocarditis is not yet
known, therefore postmortem work-up of
fatalities in a chronological connection
with amRNA-SARS-CoV-2-immunization is
necessary.

mRNA SARS-CoV-2 VAM

The reviewed case reports suggest that
comorbidities [38, 40] and subclinical au-
toimmune phenomena [60] might predis-
pose for VAM.

So faravailable, histological studieshet-
erogeneously describe SARS-CoV-2 VAM
with neutrophilic infiltrates [61], not fur-
ther specified mixed infiltrates [62], or
dominant lymphoplasmatic infiltrates [15].
This contrasts with the clinical expectation
of eosinophilic hypersensitivity myocardi-
tis [41], as it was observed in conjunction
with other vaccinations [63]. This again
raises the questions whether the reported
cases are “real” VAMs or coincident find-
ings. Regarding the millionfold adminis-
tration of mRNA vaccines it seems likely
thatcoincidencesofvaccinationandanon-
VAM occur.

Due to the need for valid and com-
parable data on mRNA-VAM the diagnos-
tic process should be standardized. So,
a somehow “underlying” diagnostic algo-
rithm as a common basis is necessary.
Additionally, (more likely) differential di-
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agnoses (e.g. alcoholic cardiomyopathy
[64]), local (e.g. regionally varying viruses
associatedwithmyocarditis [37]) and case-
specific circumstances (e.g. known history
of clozapine intake, as potential hint for
drug-induced myocarditis [65]) must be
considered. So, local experts should be in-
cluded in the work-up to address “typical
local” differential diagnoses in the post-
mortem setting to ensure valid data on
mRNA-VAM. For a sufficient diagnosis of
VAM factors potentially influencing the di-
agnostic process such as the postmortem
interval should be considered (see exclu-
sion criteria . Fig. 1).

As a derivative from the presented re-
view . Fig. 1 suggests a basic diagnostic
algorithm for mRNA-VAM. How such an
algorithm is applied, depends on the insti-
tution. That means, what is sufficient, and
efficient should be answered individually
for and in each institution and case.

Analogous to the clinical data on time
of onset of suspected VAM after vaccina-
tion (see supplement), cases with a time
of onset of up to 6 weeks post-vaccina-
tion should be included in the work-up.
Thereby, it seems that people status post
SARS-CoV-2-infection present with onset
within hours [66]. For this case, infiltrates
withClusterof differentiation (CD)68-posi-
tive macrophages and CD3-positive T-cells
aredescribed [66]. Especially in thesecases
adifferentialwork-up ismandatory to suffi-
ciently determinewhether themyocarditis
is viral (i.e. induced due to SARS-CoV-2)
or likely caused by the vaccine [66]. The
work-up of such cases allows both better
data on mRNA vaccine complications and
better understanding of the pathophysi-
ological processes in COVID-19 [66].

Limitations

The mRNA SARS-CoV-2 VAM is a recent
topic with rapidly increasing numbers of
articles on this issue. So, the presented
study tried to include as many articles as
possible by means of a basic literature re-
search algorithm, but recurring searches
and thus reviews will be necessary for
a sustainable knowledge transfer provid-
ing guidance for future research. This re-
view focused on the mRNA-VAM.

Conclusion

Valid diagnosis of messenger ribonucleic
acid (mRNA)-vaccination associated my-
ocarditis (VAM) is a diagnosis of exclusion
requiring consideration of local and case-
specific circumstances. Thereby, a high
level of pathological expertise, comple-
mented by an extensive differential and
interdisciplinary work-up is required. Au-
topsy series of cases with suspectedmRNA
severe acute respiratory syndrome-corona
virus-2 (SARS-CoV-2) VAM are the basis for
valid data and deeper pathophysiological
understanding. Therefore, a systematic,
differential, and standardized diagnostic
approach is necessary.

Conclusions for practice

– Autopsy series are required to generate
epidemiological and pathophysiolog-
ical data on messenger ribonucleic
acid (mRNA) severe acute respiratory
syndrome-corona virus-2 (SARS-CoV-2)
vaccination-associated myocarditis.

– The mRNA vaccination-associated
myocarditis is a diagnosis of exclusion
requiring exclusion of more likely
causes (such as viral myocarditis) and
sufficient histological work-up.

– In view of a millionfold application co-
incidences between a mRNA vaccina-
tion and a non-vaccination-associated
myocarditis appear to be likely to occur.

– Standardized and interdisciplinary
diagnostic algorithms are necessary to
reliably detect fatal mRNA SARS-CoV-2
vaccination-associated myocarditis
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Zusammenfassung

Diagnostik vonmessenger Ribonukleinsäure (mRNA) severe acute
respiratory syndrome-corona virus-2 (SARS-CoV-2) impfassoziierten
Myokarditiden – ein systematischer Review

Hintergrund:Mit der aktuellen Pandemie mit dem severe acute respiratory syndrome-
corona virus-2 (SARS-CoV-2) wurden die ersten messenger Ribonukleinsäure (mRNA)-
Impfstoffe zugelassen. Der Erfolg der Impfkampagne hängt vom Vertrauen der
Bevölkerung in die neuen Impfstoffe, und dieses wiederum von der Verfügbarkeit
reliabler Daten zu Komplikationen ab.
Ziel der Arbeit: Zusammenfassung des aktuellen Kenntnisstandes zu impfassoziierten
Myokarditiden, als potenziell letalen Nebenwirkungen der mRNA-Impfstoffe.
Methoden: Systematischer Literatur-Review.
Ergebnisse: Diagnostischer Algorithmus zur systematischen postmortalen
Aufarbeitung von Todesfällen im zeitlichen Zusammenhang mit einer mRNA-Impfung
hinsichtlich einer impfassoziierten Myokarditis.
Diskussion: Die impfassoziierte Myokarditis ist eine Ausschlussdiagnose, die lediglich
durch eine differenzierte und interdisziplinäre Aufarbeitung gestellt werden kann.
Autopsieserien von Todesfällen bis zu 6 Wochen nach der Impfung sind erforderlich,
um die klinischen Daten hinsichtlich letaler Komplikationen zu ergänzen.
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