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Background: mRNA-based COVID-19 vaccination is associated with rare but
sometimes serious cases of acute peri-/myocarditis. It is still not well known whether
a 3rd booster-vaccination is also associated with functional and/or structural changes
regarding cardiac status. The aim of this study was to assess the possible occurrence of
peri-/myocarditis in healthy volunteers and to analyze subclinical changes in functional
and/or structural cardiac parameters following a mRNA-based booster-vaccination.

Methods and Results: Healthy volunteers aged 18–50 years (n = 41; m = 23, f = 18)
were enrolled for a CMR-based serial screening before and after 3rd booster-vaccination
at a single center in Germany. Each study visit comprised a multi-parametric CMR scan,
blood analyses with cardiac markers, markers of inflammation and SARS-CoV-2-IgG
antibody titers, resting ECGs and a questionnaire regarding clinical symptoms. CMR
examinations were performed before (median 3 days) and after (median 6 days) 3rd
booster-vaccination. There was no significant change in cardiac parameters, CRP or
D-dimer after vaccination, but a significant rise in the SARS-CoV-2-IgG titer (p < 0.001),
with a significantly higher increase in females compared to males (p = 0.044). No
changes regarding CMR parameters including global native T1- and T2-mapping values
of the myocardium were observed. A single case of a vaccination-associated mild
pericardial inflammation was detected by T2-weighted CMR images.

Conclusion: There were no functional or structural changes in the myocardium
after booster-vaccination in our cohort of 41 healthy subjects. However, subclinical
pericarditis was observed in one case and could only be depicted by
multiparametric CMR.
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INTRODUCTION

Without any doubt, COVID-19 vaccines are a blessing and
prevented many millions of people world-wide from becoming
either very ill or even dying due to a COVID-19 infection.
Nevertheless, various reports showed that particularly mRNA-
based COVID-19 vaccines are associated with rare but sometimes
serious cases of acute peri-/myocarditis (1, 2). We still need to
better understand why some people show cardiac adverse events
following vaccination.

Magnetic resonance imaging (MRI) is the non-invasive
gold standard in the diagnosis of myocardial inflammation
(3). In this context, some impressive case reports presented
severe myocardial damage on cardiovascular magnetic resonance
imaging (CMR) even without functional impairment (4, 5),
and the true number of COVID-19 vaccine-associated peri-
/myocarditis may even be underreported since CMR is still not
widely available.

So far, there are only limited data available regarding the
frequency of vaccine-associated peri-/myocarditis following a 3rd
booster vaccination for COVID-19 and regarding the value of
CMR (6, 7). Hence, the aim of this prospective study was (a) to
assess the possible occurrence of peri-/myocarditis following a
mRNA-based booster vaccination in healthy volunteers and (b) to
also analyze whether there are subclinical changes in functional
and/or structural cardiac parameters possibly triggered by the
preceding booster vaccination.

METHODS

Healthy volunteers aged 18–50 years were enrolled for a CMR-
based serial screening before and after 3rd booster vaccination
in the CMR-Center of University Hospital Muenster, Germany.
Each study visit comprised a CMR scan, blood analyses with
cardiac markers, markers of inflammation and SARS-CoV-2-
IgG antibody titers, resting ECGs and a questionnaire regarding
clinical symptoms. After their baseline examination, the study
subjects received their 3rd booster dose of a mRNA-based
COVID-19 vaccine with either mRNA-1273 (Moderna) or
BNT162b2 (Pfizer-BioNTech) within 1–10 days. The follow-up
examination was performed 4–10 days after booster vaccination.

Cardiovascular magnetic resonance imaging was performed
on a 1.5 T-scanner (Philips Healthcare, Best, Netherlands) with a
modified standard protocol used in clinical practice for suspected
myocarditis (8). The protocol included high resolution cine,
native T1- as well as T2-mapping, T2-STIR imaging and flow
measurements. Contrast agent administration with additional
late-gadolinium-enhancement (LGE) imaging was only intended
if the native scan showed clear signs of active myocardial
inflammation. Native T1- and T2- times were measured on three
short axis views using pixelwise maps. All subjects gave their
written informed consent to the study.

Skewed variables are expressed as median and interquartile
range (IQR). Categorical variables are expressed as
frequency with percentage. A p-value ≤ 0.05 was considered
statistically significant.

RESULTS

Between November 2021 and January 2022, we prospectively
examined 41 healthy, individuals with a median age of 35 years
before (median 3 days) and after (median 6 days) their 3rd
booster vaccination. The subjects (56% male) had no history of
any cardiac disease or prior COVID-19 infection. There was one
loss of follow up, because one participant experienced a COVID-
19 infection in the interval between the third vaccination and
the follow-up appointment. 30% of the subjects received mRNA-
1273 (Moderna) and 70% received BNT162b2 (BioNTech) for
booster (Table 1). No association between the subjective burden
of symptoms and the respective increase in SARS CoV-2-IgG
titer was observed.

There was no pathological elevation and no significant change
in serum markers such as CK, CK-MB, high-sensitive troponin
T, NT-proBNP, CRP or D-dimer before and after the 3rd booster
vaccination (Table 2). As expected, there was a highly significant
rise in the SARS-CoV-2-IgG titer (p < 0.001) in our study
population. In addition, females showed a significantly higher
increase in SARS-CoV-2-IgG titer (p = 0.044) compared to males.

In general, the assessment of both functional as well as
structural CMR parameters showed highly consistent and
reproducible values when the respective CMR parameters
measured before and after the booster vaccination were
compared. In particular, there was no change in biventricular
function and volumes, in global longitudinal strain and in
myocardial mass (Table 2). Moreover, the global native T1- and
T2-mapping values remained unchanged (988 vs. 983 ms in T1

TABLE 1 | Subject characteristics.

Parameter

Age, years 35 (31–38)

Male/female, n (%) 23/18 (56%/44%)

BMI, kg/m2 23.2 (22.2–24.4)

Time between BL-CMR and booster vaccination, days 3.0 (1.3–6.0)

Time between FUP-CMR and booster vaccination, days (5.3–7.8)

Vaccine for 3rd vaccination

- BioNTech (BNT162b2) 28 (70%)

- Moderna (mRNA-1273) 12 (30%)

Allergies, n (%) 14 (34%)

Symptoms after 3rd vs. 2nd vaccination n n p*

- Local 34 22 0.008

- Fever 9 10 0.08

- Palpitations 4 1 0.27

- Chest pain 1 1 0.31

- Dyspnea 2 1 0.65

- Fatigue 22 24 0.67

- No symptoms 6 12 0.011

If not stated otherwise all data are expressed as median (interquartile range).
*Calculated for duration of symptoms not frequency among subjects. BMI, body
mass index; BL-CMR, cardiac magnetic resonance at baseline; FUP-CMR, cardiac
magnetic resonance at follow-up. The variables in bold show the significant
correlations at a significance level of p.
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TABLE 2 | Cardiac magnetic resonance (CMR)-findings, laboratory, and ECG parameters.

Parameter Pre booster Post booster p-Value

â CMR findings

LV-EF,% 60 (55–63) 61 (57–64) 0.05

LV-EDVi, ml/m2 87 (80–95) 86 (90–94) 0.24

LV- GLS,% −16.2 (−17.2 to −15.0) −15.9 (−17.1 to −14.6) 0.75

RV-EF,% 55 (50–59) 54 (51–57) 0.85

RV-EDVi, ml/m2 92 (83–102) 91 (80–100) 0.48

LV-mass, g/m2 47 (42–54) 47 (42–54) 0.61

Global native T1, ms 988 (964–1,011) 983 (970–1,024) 0.90

No. of segments with elevated T1 Mapping value > 1,060 ms, n (%) 0 (0%) 0 (0%)

Global T2, ms 50 (49–51) 50 (49–51) 0.40

No. of segments with elevated T2 Mapping value > 59 ms, n (%) 0 (0%) 0 (0%)

Presence of edema in T2 weighted images,

- myocardial, n (%) 0 (0%) 0 (0%)

- pericardial, n (%) 2 (1.6%) 3 (2.6%)

â Biochemistry marker

CK, U/l 113 (83–187) 99 (78–133) 0.07

CK-MB, U/l 14 (12–16) 14 (12–17) 0.50

Troponin T, ng/l 3.0 (3.0–4.7) 3.0 (3.0–4.3) 0.59

NT-pro-BNP, pg/ml 30 (13–58) 21 (11–52) 0.26

D-dimer, mg/l 0.27 (0.27–0.27) 0.27 (0.27–0.28) 0.39

CRP, mg/dl 0.5 (0.5–0.5) 0.5 (0.5–0.5) 0.32

SARS CoV-2-IgG, AU/ml 1,319 (681–1,788) 16,077 (10,312–32,540) <0.001

SARS CoV-2-IgG in male, AU/ml 1,807 (601–2,485) 15,643 (9,129–19,650) <0.001

SARS CoV-2-IgG in female, AU/ml 2,076 (691–1,717) 24,271 (11,092–40,000) <0.001

1 SARS CoV-2-IgG, AU/ml Male Female

13,388 (8,873–15,927) 20,640 (9,332–38,637) 0.044

â ECG parameters

Heart rate, bpm 67 (60–75) 71 (64–78) 0.06

ST-elevation

- minor < 0,1 mV, n 14 (34%) 12 (30%)

- significant ≥ 0,1 mV, n 0 (0%) 0 (0%)

ST-depression ≥ -0,1 mV, n 0 (0%) 0 (0%)

If not stated otherwise all data are expressed as median (interquartile range); All biochemistry marker (with exception of SARS CoV-2-IgG) are in normal range of values.
LV-EF, left ventricular ejection fraction; LV-EDVi, indexed left ventricular end-diastolic volume; LV-GLS, left ventricular global longitudinal stain; RV-EF, right ventricular
ejection fraction; RV-EDVi, indexed right ventricular end-diastolic volume; CK, creatinine kinase; CK-MB, creatinine kinase isoenzyme MB; NT-pro BNP, N-terminal -pro
brain natriuretic peptide; CRP, C-reactive protein; SARS CoV-2-IgG, anti-severe acute respiratory syndrome coronavirus 2 -immunoglobulin G. 1p – significance between
the changes among IgG rise in male and female. p < 0.05 is considered as significant. The variables in bold show the significant correlations at a significance level of p.

and each 50 ms in T2). There was one female who demonstrated
a new “pericardial” T2-STIR-weighted hyperintensity in the
basal to midventricular inferolateral pericardium and also
a new pleural effusion (Figure 1). In the absence of any
symptoms or signs of other diseases, we interpreted these
findings as a vaccination-associated form of very mild pericardial
inflammation. There was no known clinical characteristic or
laboratory parameter that could provide a predisposition to
pericarditis in this case.

DISCUSSION

Although the pivotal approval studies, sponsored by the
respective pharmaceutical companies, did not show an increased
risk of myocarditis following COVID-19 vaccination (9,
10), today there is no doubt that mRNA-based COVID-19

vaccination can cause peri-/myocarditis particularly in young
males (1, 11, 12). It has also been shown that the risk of
myocarditis is predominantly increased after the second
vaccination dose. Assuming an autoimmune-mediated process,
it is still unknown whether a 3rd booster vaccination is also
associated with a non-neglectable risk of peri-/myocarditis.

To the best of our knowledge, our present study is the first one
that used multi-parametric serial CMR studies prior to and after
mRNA-based COVID-19 booster vaccination to carefully assess
potential booster-associated cardiac effects. Our major findings
can be summarized as follows:

First, the present data show that no relevant myocardial
changes could be observed by CMR following the 3rd
booster vaccination. Our data support current recommendations
regarding booster vaccinations that should not be withheld for
fear of adverse cardiac events in healthy subjects aged <50 years
(considering that there is no vaccination with mRNA-1273
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FIGURE 1 | Cardiac magnetic resonance (CMR) images of pericarditis. First row: T2-STIR-weighted short-axis images with the occurrence of pericardial
hyperintensity as indication for edema/mild pericardial inflammation (red arrow) and a new pleural effusion (green arrow) following the 3rd COVID-19 vaccination. In
addition, corresponding T1 mapping without signs of myocardial impairment. Second row: Corresponding images at baseline (prior to 3rd COVID-19 vaccination)
from the same subject without any pathological findings.

(Moderna) in subjects <30 years since cases of peri-/myocarditis
were more frequently observed after Moderna vaccination in
this age group).

Second, subclinical pericarditis was observed in 1 out of 40
subjects following a 3rd booster vaccination whereas no cases
of myocarditis were observed in the present study. Importantly,
multi-parametric CMR imaging was the only diagnostic modality
that allowed to depict such a mild pattern of pericardial
inflammation. In line with this findings, a large descriptive
study, based on reports to the VEARS (Vaccine Adverse Event
Reporting System) reported only 17% of abnormal findings
based on echocardiograms (in the cohort of myocarditis patients
younger than 30 years), but abnormalities were reported in >70%
by CMR (1).

Today, CMR is well-known and robust modality for the
non-invasive diagnosis of myocarditis that does not only detect
regional dysfunction, but allows also to depict edema and other
subtle structural changes based on elevated T1- and T2-mapping
values and/or characteristic patterns of LGE (13, 14). Therefore,
the Lake Louise criteria for CMR-based diagnosis of myocardial
inflammation were already established in 2009 and updated
in 2018 (15, 16). Since the diagnosis of vaccine-associated
myocarditis is important for symptom management, for exercise
recommendations, for further cardiomyopathy monitoring and
future (e.g., booster) vaccination decisions (3), physicians should
be aware of the potential of multi-parametric CMR.

Last but not least, our present data clearly show that a 3rd
booster vaccination leads to a substantial increase in the SARS

CoV-2-IgG antibody titer – and interestingly to a higher increase
in females compared to males. Hence, gender-based differences
should be evaluated more carefully in future studies.

CONCLUSION

The present serial CMR data support current recommendations
regarding the safety of 3rd booster vaccinations since no
functional or subtle structural changes were observed in the
myocardium – as long as current vaccination recommendations
are followed. However, subclinical pericarditis was observed in
one case and could only be depicted by multiparametric CMR.
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