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Aims To describe the cardiac magnetic resonance (CMR) imaging findings of patients who developed myocarditis follow-
ing messenger RNA (mRNA) coronavirus disease 2019 (COVID-19) vaccination.

...................................................................................................................................................................................................
Methods
and results

The present study retrospectively evaluated patients with clinically adjudicated myocarditis within 42 days of the
first Pfizer-BNT162b2 mRNA COVID-19 vaccination, between 20 December 2020 and 24 May 2021 who under-
went CMR. A total of 15 out 54 patients (28%) with myocarditis underwent a CMR and were included, 100%
males, median age of 32 years (interquartile range = 22.5–40). Most patients presented with chest pain (87%) and
had an abnormal electrocardiogram (79%). The severity of the disease was mild in 67% and intermediate in 33%.
All patients survived and one patient was readmitted during the study period. CMR was performed at a median of
65 days (range 3–130 days) following diagnosis. Median ejection fraction was 58% (range 51–74%) global- and re-
gional wall motion abnormalities were present in one and three patients, respectively. Native T1 was available in
13/15 patients (2/3 in 3 T and 11/12 in the 1.5 T), with increased values among 6/13. Late gadolinium enhancement
(LGE) was found among 13/15 patients with a median of 2% (range 0–15%) with inferolateral wall being the most
common location (8/13). The patterns of the LGE were: mid-wall in six patients; epicardial in five patients; and
mid-wall and epicardial in two patients.

...................................................................................................................................................................................................
Conclusions Among patients who were diagnosed with post-vaccination clinical myocarditis, CMR imaging findings are mild and

consistent with ‘classical myocarditis’. The short-term clinical course and outcomes were favourable.
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Introduction

Myocarditis has been reported following coronavirus disease 2019
(COVID-19) infection but not clearly recognized as a possible ad-
verse event of the Pfizer-BNT162b2 messenger RNA (mRNA)
COVID-19 vaccination.1 Recently, a likely association between myo-
carditis or pericarditis and COVID-19 vaccination among young peo-
ple has been reported by the Centers for Disease Control and
Prevention (CDC)2 as well as by the Israeli Ministry of Health.3 A
number of case reports and small series described myocarditis in
temporal association with the mRNA-based COVID-19 vaccin-
ation.4–6 To date, there has been very limited data of cardiovascular
magnetic resonance (CMR) imaging findings in patients presenting
with myocarditis following COVID-19 vaccination.4–6

In the present study, we evaluated: (i) CMR imaging findings,
(ii) clinical presentation and short-term clinical outcomes in a group

of patients with probable myocarditis at early onset following immun-
ization with the Pfizer-BNT162b2 mRNA COVID-19 vaccines.

Methods

Study population
Our sample frame included all members of Clalit Health Services (CHS),
the largest health maintenance organization in the Israeli National
Healthcare System (covering a population of 4.7 million patients, 52% of
the Israeli population) who received at least one dose of the Pfizer-
BNT162b2 mRNA COVID-19 vaccination between 20 December 2020
and 24 May 2021. Patients with myocarditis within up-to 42 days from
vaccination were identified through the CHS database, which has been
elaborately described previously,7 using ICD-9 coding. Thereafter, each
suspected case was independently reviewed by two cardiologists through
careful evaluation of the patient’s electronic medical record which

Graphical Abstract
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.. includes all admission and discharge summaries, results of laboratory and
imaging tests, and outpatient and primary clinic visits summaries. Every
cardiologist separately adjudicated the diagnosis of vaccine-associated
myocarditis according to the CDC case definition criteria for probable
myocarditis.8 In case of disagreement, the case was reviewed by a third
cardiologist who settled the dispute. Myocarditis was classified as fulmin-
ant or non-fulminant according to the definition of the American Heart
Association.9 As part of the adjudication process, active COVID-19 infec-
tion was ruled out either by PCR or serological testing (all patients admit-
ted to Israeli hospitals, regardless of the admission diagnosis underwent
COVID-19 screening, so this was available in all cases included in our
study). Non-fulminant myocarditis cases were further classified as mild or
intermediate disease according to the definition by Sinagra et al.10 This
definition classifies as intermediate-risk patients with persistent left ven-
tricular dysfunction, regional wall motion abnormalities, persistent elec-
trocardiogram (ECG) abnormalities, presence of late gadolinium
enhancement (LGE) on CMR, or frequent non-sustained ventricular
arrhythmias.

The present study included patients with clinically diagnosed and adju-
dicated myocarditis who underwent CMR, either during hospitalization
or after discharge.

This study was approved by the CHS institutional review board and
performed consistently with the Helsinki declaration. Exemption from
informed consent was granted.

CMR imaging
CMR imaging was performed using either 1.5-T scanner (Ingenia; Philips
Medical System) or 3-T scanner (Magnetom Vida; Siemens Healthineers),
implementing standardized imaging protocols. CMR protocol included
multiplanar cine imaging for acquisition of cardiac function, volumes, and

.................................................................................................

Table 1 Baseline characteristics, clinical findings, and
outcomes of the study cohort

Variable Statistic Number

of cases

Demographics

Age: years, median (IQR) 32 (22.5–40) 15

Sex: male (%) 100% 15

Time from first vaccine to

diagnosisa (days), median

(IQR)

26 (17–28.5) 15

Time from first vaccine to

diagnosisb (days), median

(IQR)

8 (6–11) 5

Time from second vaccine to

diagnosis (days), median (IQR)

3.5 (3–5.75) 10

Comorbidity and risk factors (%)

Diabetes mellitus 0% 15

Hypertension 20% 15

Dyslipidaemia 7% 15

Atrial fibrillation 0% 15

Coronary artery disease 0% 15

Previous myocarditis 0% 15

Previous pericarditis 7% 15

Known LV dysfunction 0% 15

Baseline medications (%)

Aspirin 0% 15

P2Y12 inhibitors 0% 15

Beta blockers 7% 15

ACE I/ARBs 13% 15

Presenting symptoms and signs

Chest pain (%) 87% 15

Palpitations (%) 0% 15

Dyspnoea (%) 0% 15

Fever (%) 13% 15

Symptoms of viral infection

(%)

13% 15

ECG findings

Normal (%) 21% 14

ST elevation (%) 50% 14

T-wave changes (%) 14% 14

Atrial fibrillation (%) 5.1% 14

Non-sustained ventricular

tachycardia (%)

5.1% 14

Laboratory values

Troponin T (ng/L), median

(IQR)

958 (196–2659) 13

Creatine kinase (mg/dL),

median (IQR)

574 (160–1300) 9

C-reactive protein (mg/dL),

median (IQR)

5.2 (1.2–19.6) 12

Haemoglobin, median (IQR) 13.8 (13–15.3) 12

White blood cells (K/micl),

median (IQR)

9.1 (7.5–12) 12

0.8 (0.7–0.82) 12

Continued

.................................................................................................

Table 1 Continued

Variable Statistic Number

of cases

Creatinine (mg/dL), median

(IQR)

EF upon presentation (%),

median (IQR)

55 (50–58.5) 10

Coronary CTA 42% 12

Coronary angiography 8% 12

Biopsy 7% 15

Clinical course during index hospitalization and outcomes

Need for inotropes/

vasopressors (%)

0% 15

Need for mechanical circula-

tory support (%)

0% 15

Arrhythmias (%) 0% 14

Disease severity: mild 67% 15

Disease severity: intermediate 33% 15

Disease severity: severe 0% 14

Death 0% 15

Readmission 6% 15

ACE I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor block-
er; CTA, computed tomography angiography; ECG, electrocardiogram; EF, ejec-
tion fraction; LV, left ventricle; IQR, interquartile range.
aAmong all patients.
bAmong patients in whom myocarditis was diagnosed after the first vaccine.
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..mass, and LGE imaging for scar imaging. At 1.5-T scanner balanced steady
state free precession, single breath-hold modified inversion recovery
Look-Locker (MOLLI) was used for T1 mapping and a navigator gated
black blood prepared gradient spin-echo sequence was used for T2 map-
ping. At 3-T scanner, myocardial T1 mapping was performed using
MOLLI sequence and T2 mapping using Myomaps. Native T1 and T2
mapping, and postcontrast T1 mapping were acquired in a three short-
axis slices (apical, mid-ventricular, and basal).

For data analysis, the complete dataset was transmitted to a dedicated
CMR workstation (Philips Intellispace Portal, version 11.0). Cardiac vol-
umes, function, and mass were measured using automated contour de-
tection with manual correction if required. Myocardial T1 and T2
relaxation times were measured for the complete mid-ventricular slice
using motion-corrected images consistent with a previous report by
Puntmann et al.12 To avoid overestimation of T1 value due to partial vol-
ume effect,13 the apical slices were not analysed. In addition, there are no
differences in T1 value between basal and mid-ventricular slices13 and in
some cases, the basal slice may contain part of left ventricular outflow
tract. For the assessment of T1, T2 relaxation times, and LGE endo- and

epicardial contours of the left ventricle were traced, while excluding epi-
cardial fat, pericardium, and blood from analysis. For 1.5-T scanner, ab-
normal native T1 and T2 values were defined as greater than 1060 ms
and greater than 57 ms; respectively11 and for 3-T scanner abnormal na-
tive T1 values were defined as greater than 1105 ms.12 LGE was defined
as an image intensity level >_2 SDs above the mean of the remote myocar-
dium. The amount of LGE was expressed as percentage of left ventricular
myocardial mass and the extracellular volume (ECV) was calculated
based on pre- and postcontrast T1 images. Pericardial LGE was consid-
ered present when enhancement involved both pericardial layers, irre-
spective of the presence of pericardial effusion. The diameter of
pericardial effusion was measured at end-systolic frame.

Statistical analysis
The current study applied descriptive statistical methodology. Baseline
characteristics of the patients are presented as counts (%) for categorical
variables and median (interquartile range) or mean (±standard deviation)
for continuous variables, as appropriate.

Figure 1 Representative example of cardiac magnetic resonance imaging in patient number 7 demonstrating late gadolinium enhancement involving
the mid-wall of the basal antero-septal and inferior segments (A), and of the mid-ventricular inferior and infero-lateral segments (B). A corresponding
myocardial injury in native T1 mapping is presented (C and D).

6 A. Shiyovich et al.
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Results

Throughout the study period, 2 566 825 CHS members received at
least one dose of the BNT162b2 mRNA COVID-19 vaccine, of
which 2 404 581 (94%) had received both doses. Initially, 159 poten-
tial myocarditis cases were identified within 42 days of vaccination. A
total of 54 patients met the clinical diagnosis of myocarditis following
the adjudication process as abovementioned. Of these, CMR was
performed in 15 patients (28%) who are included in this study. A total
of 10 (67%) patients were diagnosed with myocarditis after the se-
cond vaccine [3.5 (3–5.75) days (median (interquartile range, IQR)]
and 5 (33%) after the first vaccine [8 (6–11) days (median (IQR))]. In
the former group (10 patients with myocarditis after the second vac-
cine), the time from the first vaccine and the diagnosis was [26
(25.25–29.25) days (median (IQR)].

Clinical characteristics
All the included 15 patients were males with a median age of 32 years
(IQR = 22.5–40). The baseline characteristics of the study cohort are
presented in Table 1. The rates of comorbidity and cardiovascular
risk factors in the study cohort were very low, with most of the
patients being otherwise healthy prior to the index event (i.e. myo-
carditis), without significant prior medical therapy. The most com-
mon presenting symptom was chest pain (87% of patients), while
only 13% presented with fever or other symptoms clinically associ-
ated with viral infection. Abnormal electrocardiographic findings
were recorded among 79% of the evaluated patients, with the most
prevalent abnormality being ST-segment elevation. The median value
of the peak Troponin level was 958 ng/L (IQR = 196–2659) and for
creatine kinase 574 mg/dL (IQR = 574–1300). The median C-reactive
protein was 5.2 mg/dL (IQR = 1.2–19.6). The median ejection frac-
tion, as evaluated by echocardiography upon presentation, was 55%
(IQR = 50–58.5). Obstructive coronary artery disease was excluded
among six patients, who were older with relatively high prevalence of
cardiovascular risk factors, in five patients using computed tomog-
raphy coronary angiography and in one patient using invasive coron-
ary angiography. Only one patient underwent a myocardial biopsy
which showed interstitial infiltration of mostly lymphocytes as well as
eosinophils and few neutrophils infiltration consistent with myocardi-
tis. The severity of the disease was defined as mild in 67% and inter-
mediate in 33% (no severe or fulminant cases) based on the
previously mentioned classification, no patient required inotropes or
mechanical circulatory support. All patients survived during the study
period and only one patient was readmitted following the myocardi-
tis event.

CMR imaging findings
Patients underwent CMR imaging after a median of 65 (range 3–
130 days) days following the diagnosis of myocarditis. The main find-
ings of the CMR and the representative images are presented in
Table 2 and Figure 1. The median left ventricular ejection fraction was
within normal range 58% (range 51–74%), global- and regional wall
motion abnormalities present in one and three patients; respectively.
Native T1 was available in 13/15 patients (2/3 in 3-Tesla scanner and
11/12 in 1.5-Tesla scanner), with increased values among 6/13
patients. T2 values were within normal range, and ECV was increased
among 4/11 patients. LGE was present among 13/15 patients with a

median LGE% of 2% (range 0–15%) with inferolateral wall being the
most common location (8/13). The patterns of the LGE were as fol-
lowing: (i) mid-wall in six patients; (ii) epicardial in five patients; and
(iii) mid-wall and epicardial in two patients. LGE in the pericardium
was present in 4/15 patients with pericardial effusion present in 7/15
patients, circular in 6/7 and local in 1/7 patients. The diameter of peri-
cardial effusion was 3 mm (range 2–6.8 mm).

Discussion

We report herein in-depth CMR imaging findings, clinical presenta-
tion and short-term clinical outcomes of a case series of 15 patients
with a clinical diagnosis of myocarditis following the Pfizer-
BNT162b2 mRNA COVID-19 vaccination and meeting the CDC
definition of probable myocarditis. To our knowledge, this is the larg-
est report to date with a comprehensive clinical evaluation and sys-
temic CMR imaging evaluation of this potential adverse reaction of
mRNA-based COVID-19 vaccine. All patients were male and had a
relatively short-term interval between vaccination, mostly second
vaccine dose, and symptom onset. The consistent pattern of clinical
presentation, rapid recovery from acute myocarditis, and excellent
short-term clinical outcomes characterized the presented case
series.

CMR imaging findings in our case series suggest that myocarditis
following COVID-19 vaccination is overall mild, consistent with myo-
carditis secondary to other aetiologies, and similar to those described
in smaller CMR case series evaluating possible association between
mRNA driven COVID-19 vaccine and myocarditis.4–6 Notably, CMR
imaging findings were mild in most patients: left ventricular ejection
fraction was normal or very mildly reduced, the parametric mapping
showed normal or a mildly elevated T1 relaxation time, and the
delayed phase sensitive images showed relatively small extent of LGE
in most patients. Interestingly, the findings are also similar to the
CMR findings described by Puntmann et al.12 in a cohort of unse-
lected patients who recently recovered from COVID-19, which
could imply some common aetiological pathways.

Despite the fact that myocardial biopsy was performed in only one
patient, the notable consistent clinical presentation and the pattern
of clinical course suggests hypersensitivity myocarditis as reported in
vaccine-associated myocarditis.14,15 In addition, the close temporal
relation between a clinical presentation and vaccination, usually after
a second dose, is a typical feature of reported cases of vaccine-
associated myocarditis and suggests an immune-mediated mechan-
ism.16 Myocarditis following receipt of other vaccines is rare and is
recognized as causally linked only with smallpox immunization.17

Notably, in contrast to passive case-finding, Engler et al.14 reported a
significantly higher myocarditis and pericarditis after smallpox vaccin-
ation in active prospective follow-up of participant receiving vaccin-
ation. Therefore, larger prospective follow-up studies using CMR
imaging of participant receiving COVID-19 vaccination is warranted.

Limitations
CMR was performed after a median of 65 days following the diagnosis
of myocarditis and therefore the T2 relaxation values were within
normal range. Thus, the CMR imaging findings are not consistent with
the updated Lake Louise criteria for the early diagnosis of
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.myocarditis18; however, our case series included patients with a clin-
ical diagnosis of probable myocarditis based on CDC case definition
but not based on Lake Louise criteria. Furthermore, our study
includes 15 patients in whom CMR was performed, out of 54 patients
with clinically diagnosed vaccine-associated myocarditis. Although
the distribution of clinical severity did not differ between patients
who underwent and those that did not undergo a CMR, selection
bias could not be ruled out.

Conclusions

We presented a case series of patients with myocarditis temporally
associated with the Pfizer-BNT162b2 mRNA COVID-19 vaccine.
CMR imaging findings, clinical characteristics, and short-term clinical
outcomes suggest a favourable clinical course. These findings should
be taken into account in the preventive management of COVID-19
pandemic geared towards large scale population immunization
programmes.

Conflict of interest: none declared.
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