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Abstract
Myocarditis is a rare complication of the COVID-19 mRNA vaccine. We previously reported a case series of 15 adolescents
with vaccine-associated myocarditis, 87% of whom had abnormalities on initial cardiac magnetic resonance (CMR), includ-
ing late gadolinium enhancement (LGE) in 80%. We performed follow-up CMRs to determine the trajectory of myocardial
recovery and better understand the natural history of vaccine-associated myocarditis. Case series of patients age < 19 years
admitted to Boston Children’s Hospital with acute vaccine-associated myocarditis following the BNT162b2 vaccine who had
abnormal CMR at the time of initial presentation, and underwent follow-up testing. CMR assessment included left ventricular
(LV) ejection fraction, T2-weighted myocardial imaging, LV global native T1, LV global T2, extracellular volume (ECV),
and late gadolinium enhancement (LGE). Ten patients (9 male, median age 15 years) with vaccine-associated myocarditis
underwent follow-up CMR at a median of 92 days (range 76—119) after hospital discharge. LGE was persistent in 80% of
patients, though improved from prior in all cases. Two patients (20%) had abnormal LV global T1 at presentation, which
normalized on follow-up. ECV decreased between acute presentation and follow-up in 6/10 patients; it remained elevated
at follow-up in 1 patient and borderline in 3 patients.

Conclusion: CMR performed ~3 months after admission for COVID-19 vaccine-associated myocarditis showed improve-
ment of LGE in all patients, but persistent in the majority. Follow-up CMR 6-12 months after acute episode should be
considered to better understand the long-term cardiac risks.

What is Known:

o Myocarditis is a rare side effect of COVID-19 mRNA vaccine.

o Late gadolinium enhancement is present on most cardiac magnetic resonance at the time of acute presentation.

What is New:

o Late gadolinium enhancement improved on all repeat cardiac magnetic resonance at 3-month follow-up.

o Most patients still had a small amount of late gadolinium enhancement, the clinical significance of which is yet to be determined.

Keywords COVID-19 mRNA vaccine - Vaccine-associated myocarditis follow-up - Cardiac magnetic resonance imaging -
Late gadolinium enhancement

Abbreviations Introduction

CMR Cardiac magnetic resonance

ECV  Extracellular volume Myocarditis is a rare complication following mRNA vaccina-
LGE Late gadolinium enhancement tion for COVID-19. We previously reported a case series of
LV Left ventricular 15 patients with vaccine-associated myocarditis, of whom 13

(87%) had cardiac magnetic resonance (CMR) abnormalities
at the time of acute presentation, including late gadolinium
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hospitalization) in non-vaccine-associated myocarditis [2—4].
Therefore, the natural history of LGE is of public health
importance in determining longer-term risk stratification. We
report the results of follow-up CMRs to provide early data on
the trajectory of recovery of myocardial injury.

Methods

Case series of patients age < 19 years admitted to Boston Chil-
dren’s Hospital with acute vaccine-associated myocarditis fol-
lowing the BNT162b2 vaccine between June and July 2021.
The Center for Disease Control’s (CDC) definition for post-
vaccine myocarditis was used, and cases were classified as
“confirmed” or “probable” [5, 6]. From the 15 patients in our
initial series, 10 underwent follow-up CMR as part of routine
clinical care at a median of 3.0 (range 2.5-4.9) months after
diagnosis. Three patients had normal CMR at presentation
and no clinical indication for repeat testing, and 2 patients are
still awaiting scheduling. The study was approved by the insti-
tutional review board and was deemed exempt from consent
owing to the use of deidentified data and the requirements of
45 CFR § 46.

CMR assessment was performed using a Phillips 1.5 T
Achieva-dStream (Supplemental Methods) and included left
ventricular (LV) ejection fraction, T2-weighted myocardial
imaging, LV global native T1, LV global T2, ECV, and LGE.
Ventricular systolic dysfunction was defined as LV ejection
fraction equal to or less than 55%. Based on local reference
values, elevated LV global native T1 was defined as> 1100 ms,
LV global T2 as> 60 ms, and LV global ECV >30% (border-
line 28-30%). All CMRs were qualitatively reviewed (AP) for
the presence and extent of LGE. Quantitative variables were
summarized as median and range, and categorical variables as
frequencies and percentages.

Results

Ten patients (9 male, median age 15 [range 12—18] years)
with vaccine-associated myocarditis (3 confirmed, 7 prob-
able) underwent follow-up CMR at a median of 92 days
(range 76—119) after hospital discharge (Table 1).

Since hospital discharge, the majority of patients have
been asymptomatic (Table 1). Two patients subsequently
presented to the emergency room with chest pain in the
setting of acute COVID-19 infection; in both cases, cardiac
evaluation with laboratory data and electrocardiogram (ECG)
was unremarkable and neither patient required hospital
admission. One patient continues to endorse fatigue, and
the other endorses chest pain though to be musculoskeletal
in origin. Two patients continue to have non-specific ST-T
segment changes on follow-up ECG; all other ECG and
echocardiograms were normal at most recent follow-up.
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All patients had normal ventricular systolic function on
follow-up CMR. LGE was persistent in 8 patients (80%),
although improved from prior in all cases. Persistent
LGE was subepicardial in 5 patients, mid-wall in 3, sub-
endocardial in 1; and localized to the basal infero-lateral
region in 6 patients, basal inferior region in 1 patient,
and basal LV free wall in 1 patient (Fig. 1). The two
patients with complete resolution had initial mid-wall
LGE in the mid LV, at the junction of the anterolateral
and infero-lateral segments; none had basal LGE. Due to
the small amount of LGE on acute and follow-up CMR,
no quantification of LGE could be performed.

LV global T2 was within normal limit in all patients,
both at presentation and on follow-up. Two patients (20%)
had abnormal LV global T1 at presentation, which normal-
ized on follow-up. ECV decreased between acute presenta-
tion and follow-up in 6/10 patients; it remained elevated
at follow-up in 1 patient and borderline in 3 patients (Sup-
plemental Fig. 1); ECV was unable to be measured for 1
patient.

Discussion

In this follow-up case series of ten patients previously
admitted for COVID-19 vaccine-associated myocarditis,
we report improvement in CMR findings 2.5-4 months
after hospital discharge, though most patients still had
subtle LGE on follow-up CMR.

LGE was the most frequent finding on CMR follow-
ing vaccine-associated myocarditis. Large, adult studies
investigating CMR changes following COVID-19 infection
did not find evidence of myocardial LGE in their healthy
controls, suggesting that these were not just incidental
findings that can be found in the general population [7].
In addition, all patients included in this series met the
CDC definition for post-vaccine myocarditis, with elevated
troponin level and frequently abnormal ECG [1, 5, 6].

A study of 52 children with viral or idiopathic myocardi-
tis evaluated CMR findings acutely and at median 6 months
(range 0.2-69) follow-up [8]. At presentation, ventricular
dysfunction was found in 45% patients on echocardiogram
and LGE in 81% on CMR. On follow-up, all patients were
alive and 5 underwent cardiac transplantation. Ventricular
function improved in 81% of patients with dysfunction and
5% developed new ventricular dysfunction (mean EF on
CMR 60% vs. 59% at presentation, p=0.016). LGE was
found in 83% patients on follow-up (persistent in 75%, new
in 8%). Our cohort of patients with post-vaccine-associated
myocarditis had a more benign course compared to children
with viral or idiopathic myocarditis. Ventricular dysfunc-
tion was much less common at time of presentation, and all
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Ta!ale 1 Cl.inical ﬁpdings in. Patient characteristics Presentation Follow-up
children with vaccine-associated
myocarditis at presentation and Age 1512, 18]
follow-up Sex, no. (%)
Male 9 (90)
Female 1(10)
Race/ethnicity, no. (%)
Non-Hispanic White 4 (40)
Hispanic White 2 (20)
Non-Hispanic other 1(10)
Unknown 3 (30)
Time from onset of symptoms, days 412,71 93 [71, 145]
Cardiac symptoms, no. (%)
Chest pain, no. (%) 10 (100) 2 (20)
Fever, no. (%) 6 (60) 0(0)
Myalgia, no. (%) 6 (60) 0(0)
Headache, no. (%) 5 (50) 0(0)
Fatigue, no. (%) 3 (30) 1 (10)
Duration of hospitalization, days 3[1,5]
Intensive care unit admission, no. (%) 0(0)
Immunomodulatory treatment, no. (%) 6 (60)
Laboratory values
Elevated troponin level, (normal >0.01 ng/mL) 10 (100) 3 (30)
BNP, pg/mL (normal < 10) 25.5[10, 118] <10[< 10, 64]
CRP, mg/dL (normal <0.50) 3.0[0.7,7.7] 0.2 0.0, 1.5]
ECG
ST-T wave segment changes, no. (%) 7 (70) 2 (20)
Echocardiogram
Ejection fraction (%) 55[44, 61] 61 [57, 67]
Abnormal strain (circumferential and/or longitudinal), no. (%) 5 (50) 0(0)
Cardiac MRI
Regional hyperintensity on T2-weighted imaging, no. (%) 2 (20) 0 ()
Extracellular volume fraction (%) 27 22, 37] 25 (23, 31]
LV global T2, ms 50 [47, 55] 49 [46, 53]
LV global native T1, ms 1016 [963, 1121] 1013 [982, 1065]
Late gadolinium enhancement, No. (%) 10 (100) 8 (80)
Met original or revised Lake Louise criteria, no. (%) 2 (20) 0 (0)

normalized on follow-up. This was also the case in larger,
multicenter series of children with vaccine-associated myo-
carditis [9]. However, the findings on follow-up CMR in
regard to LGE are similar to our cohort of patients, with
LGE in 80% on follow-up.

The presence of LGE in the acute phase of myocarditis
indicates cellular damage and can represent edema or necrosis
[10]. Persistence of LGE on CMR may represent the forma-
tion of fibrosis and myocardial scar, which has been shown to
predispose to long-term cardiac risk in non-vaccine-associated
myocarditis [2—4]. However, the process of resolution may still
be underway in our patient cohort at this time, and follow-up
at a later duration (6—12 months) may be more useful as it
relates to long-term prognosis. Data on the use of CMR as

prognostic tool in myocarditis is limited to LGE and does not
include mapping imaging values (T1, T2, ECV) which have
laboratory specific normative values [9, 11].

Children with myocarditis following COVID-19 infection,
most often seen in multisystem inflammatory syndrome in
children (MIS-C), have shown rapid recovery of ventricular
function on echocardiogram in the COVID-19 cohort [12].
However, patients with post-vaccine myocarditis have much
more frequent CMR abnormalities than those with COVID-19
infection and MIS-C [13]. The well documented association
between LGE on CMR and long-term cardiac risk in acute
myocarditis raises concern for patients with vaccine-associated
myocarditis, despite their relatively benign course acutely
[2-4].
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Fig. 1 A Left ventricular (LV) A
global T1, LV global T2, and

extracellular volume (ECV) 56
on CMR at presentation and
follow-up in children with
vaccine-associated myocarditis.
B Cardiac magnetic resonance
short-axis views at presentation
and follow-up. Example 1: LGE
in the mid-wall of the mid left
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Conclusion

In adolescents with vaccine-associated myocarditis and
LGE on CMR at time of presentation, follow-up CMR
2.5-4 months after discharge showed markedly improved
LGE in all patients but persistence in the majority. The clini-
cal significance of this persistence is yet to be determined.
The finding of myocardial fibrosis beyond the acute phase
emphasizes the importance of longer-term follow-up of these
patients.
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