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Dan Leslie Li, MD, PhD*, Giovanni Davogustto, MD", Jonathan Harvey Soslow, MD, MSCI’,
Jean Wang Wassenaar, MD, PhD", Amar Pradip Parikh, MD*, Joshua David Chew, MD",
Jeffrey Michael Dendy, MD?, Kristen Marie George-Durrett, BS”, David Andres Parra, MD",

Daniel Eugene Clark, MD, MPH™"*, and Sean Gillette Hughes, MD™*

Multisystem inflammatory syndrome (MIS) is a severe complication described in a minor-
ity of patients with COVID-19. Myocarditis has been reported in patients with COVID-19,
including MIS. In this study, we compared the clinical characteristics and cardiac mag-
netic resonance (CMR) findings of COVID-19 myocarditis in patients with and without
MIS. In the 330 patients with COVID-19 who were referred for CMR at our institution
between July 24, 2020, to March 31, 2021, 40 patients were identified as having myocardi-
tis, MIS myocarditis (n = 21) and non-MIS myocarditis (n = 19). MIS myocarditis was
characterized by global myocardial inflammation/edema with significantly elevated native
T1, whereas only regional inflammation, and edema were noted in the non-MIS group.
Distinct late gadolinium enhancement (LGE) patterns—inferior myocardial involvement
in non-MIS myocarditis and septal involvement in MIS myocarditis—were identified. The
LGE burden was comparable between the 2 groups (5.9% vs 6.6%, MIS vs non-MIS
group, p = 0.83). Myocarditis was diagnosed more frequently by CMR in the MIS group
(70% vs 6.3% , MIS vs non-MIS, p <0.001). In the 20 patients with a sequential CMR study
at a median 102-day follow-up, 25% had persistent myocardial edema. The LGE burden
improved over time, from a median of 5.0% (interquartile range 3.4% to 7.3%) to 3.2%
(interquartile range 2.0% to 3.8%; p <0.001). In conclusion, MIS and non-MIS myocardi-
tis exhibit distinct characteristics by CMR. Persistent LGE and edema were common at

follow-up CMR examination in both groups.

(Am J Cardiol 2022;168:135—141)

© 2021 Elsevier Inc. All rights reserved.

Since the initial outbreak in December 2019, COVID-19
has quickly become a major global health threat."* Myocar-
dial injury has been reported in 7% to 28% of patients dur-
ing acute hospitalization,”* and has been associated with
increased mortality.”" Multisystem inflammatory syndrome
(MIS) in children (MIS-C) or adults (MIS-A) is a serious
condition that occurs in a small subset of patients diagnosed
with COVID-109. It presents with a hyperinflammatory state
and extrapulmonary organ dysfunction but minimal respira-
tory symptoms.”® The reported incidence of MIS-C in the
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United States was 0.14% in children with COVID-19 with a
1.4% mortality.” Cardiovascular involvement has been
documented in most (})atients,x and acute cardiac failure is
commonly observed.” COVID-19—related myocarditis has
been reported in patients with and without MIS.> '
Viral myocarditis is a frequent cause of dilated cardiomyop-
athy and sudden cardiac death.'* Therefore, the potential
long-term cardiac effects of COVID-19 related myocarditis
are of great concern. Given that cardiac magnetic resonance
(CMR) imaging with parametric mapping plays a substan-
tial role in the diagnosis and prognosis of myocarditis,'” the
short-term and long-term CMR findings are of crucial
importance. Although MIS has been considered a distinct
entity from SARS-CoV-2 infection,"*° it is unclear whether
myocarditis related to MIS exhibits different CMR imaging
patterns or clinical features when compared with non-MIS
myocarditis. In this study, we aimed to compare the clinical
characteristics and CMR features in patients with MIS and
non-MIS myocarditis after recovery from COVID-19.

The study was approved by the Vanderbilt University
Medical Center Institutional Review Board. A total of 330
patients diagnosed with COVID-19 were referred for a
CMR at our institution between July 24, 2020, and March
31, 2021. The referral reasons included: (1) cardiac clear-
ance for athletes before return to training; (2) patients
recovering from COVID-19 with persistent or delayed (>2
weeks) cardiovascular symptoms, including chest discom-
fort, dyspnea, palpitations, presyncope, or syncope; (3)
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patients presenting with acute myocardial injury related to
COVID-19 and/or MIS, despite lack of clinical symptoms:
including new cardiac dysfunction, abnormal electrocardio-
gram (ECG), cardiac enzyme elevation. All patients who
underwent CMR were included. Patients with CMR fea-
tures of myocarditis based on the modified Lake Louise Cri-
teria'” were divided based on clinical diagnosis into 2
groups, MIS myocarditis, and non-MIS myocarditis. MIS
was diagnosed by the care team during acute hospitalization
according to current recommendations.®

The baseline clinical data were collected through a
review of the electronic medical records. Data extracted
included demographic characteristics, medical co-morbid-
ities including hypertension, diabetes mellitus, chronic kid-
ney disease, chronic obstructive lung disease or asthma,
chronic liver disease, cerebral vascular accident, coronary
artery disease, and known history of structural heart dis-
ease. COVID-19 was diagnosed by either positive SARS-
CoV-2 on real-time reverse transcriptase—polymerase chain
reaction assay from the nasopharyngeal swab, and/or serum
immunoglobulin M or immunoglobulin G positivity if the
polymerase chain reaction result was negative. Troponin I
level, and ECGs were collected during clinical care for car-
diac symptoms, or at the time of COVID-19 diagnosis for
asymptomatic athletic patients who were universally
screened with CMR for myopericarditis following COVID-
19 per our institutional protocol.

Two CMR platforms were used in the exams: 1.5 T
Siemens Avanto Fit scanner (Siemens Healthcare Sector,
Erlangen, Germany) or 3.0 T Philips Ingenia Elition
scanner (Phillips Healthcare, Amsterdam, The Nether-
lands). Balanced steady-state free precession cine imag-
ing was used to evaluate cardiac function, volume, and
mass. Gadolinium contrast (gadobutrol [Gadavist Bayer
Healthcare Pharmaceuticals, Wayne, New Jersey] at a
dose of 0.15 mmol/kg for 1.5-T scanner studies, and
0.2 mmol/kg for 3.0-T scanner studies) was administered
through a peripheral intravenous line unless the patient
had significantly impaired renal function with estimated
glomerular filtration rate <30 ml/min (1 patient did not
receive contrast). Late gadolinium enhancement (LGE)
imaging was performed using segmented inversion
recovery and single-shot phase-sensitive inversion recov-
ery imaging in standard long-axis planes and a short-
axis stack. Myocardial T1, T2, and after contrast TI
maps were acquired in the basal short-axis, mid short-
axis, and four-chamber long-axis orientations. T1 maps
were obtained using a modified Look-Locker inversion
recovery sequence acquired using a 5(3s)3 protocol
before contrast and a 4(1)3(1)2 protocol 15 minutes
after contrast administration. Modified Look-Locker
inversion recovery sequences were motion-corrected
(only on the 1.5-T scanner), ECG-triggered, and
obtained in diastole with typical imaging parameters:
nonselective inversion with a 35° flip angle, single-shot
steady-state free precession imaging, initial inversion
time of 120 ms with 80 ms increments, field of view
340 x 272 mmz, matrix size 256 x 144, slice thickness
8 mm, voxel size 1.3 x 1.9 x 8.0 mm3, TR/TE
2.6 ms/1.1 ms, parallel imaging factor of 2. The matrix
size was decreased to 192 x 128 for heart rates >90

(approximate voxel size 1.8 x 2.1 x 8 mm®). T2 map-
ping was performed using a breath-held, ECG-triggered,
balanced steady-state free precession sequence with
motion correction. Typical imaging parameters were as
follows: adiabatic T2 preparation with 35° flip angle,
field of view 340 x 272 mm’, matrix size 192 x 144,
slice thickness 8 mm, voxel size 1.8 x 1.9 x 8.0 mm3,
TR/TE 2.5 ms/1.1 ms, parallel imaging factor of 2.

CMR postprocessing was performed using Medis QMass
and QMaps (MedisSuite 3.2, Medis, Leiden, The Nether-
lands). Left and right ventricular function parameters were
automatically calculated from the endocardial and epicar-
dial contours. The assessment of LGE was performed by
cardiologists with extensive CMR reading experience (S.G.
H., JM.D., D.E.C, D.A.P., I.D.C.). Global T1, T2, and
ECV values were obtained automatically after delineation
within the LV mesocardium. Internal control data of native
T1 and T2 were obtained from prospectively enrolled
healthy controls for each magnet and were used to generate
internal normal ranges. Normal ranges of global myocardial
T1 by 1.5 and 3.0-T platforms were 930 to 1,010 ms, and
1,190 to 1,290 ms, respectively. The normal ranges of
global myocardial T2 at 1.5 and 3.0 T were <50 and
<49 ms, respectively. To compare the T1 and T2 between
the non-MIS and MIS groups across field strengths, T1 and
T2 Z-scores were calculated based on the Formula Z-
score = (subject mean — control mean)/(control SD) using
the control data from each CMR platform. Areas of LGE
determined not to be because of myocardial infarction were
quantified using the full width at half maximum method, as
this has previously been shown to have the best intra-
observer and inter-observer reproducibility and the stron-
gest association with major adverse cardiac events.'™'’
Acute myocarditis was diagnosed using the modified Lake
Louise criteria.'”> A combination of subepicardial and/or
intramural myocardial LGE without myocardial edema was
considered healed myocarditis after exclusion of other
explanations.

Data are presented as count and frequencies for cate-
gorical variables, and median and interquartile range
(IQR) for continuous variables. Comparisons between 2
independent groups were made by two-sided Fisher’s
exact test for categorical variables, and Mann-Whitney
test for continuous variables. Comparisons between
paired observations were made with Wilcoxon signed-
rank test. To explore the correlation of inflammatory
biomarkers with cardiac biomarkers and CMR findings,
ordinal regression models were fit in which the depen-
dent variable was the cardiac biomarkers or CMR find-
ings, and the independent variable (predictor) was C-
reactive protein (CRP). A p value <0.05 was considered
statistically significant. Statistical analyses were per-
formed with STATA software version 16.1 (StataCorp
LLC, College Station, Texas) and R software version
4.02 (R Foundation for Statistical Computing, Vienna,
Austria).

A total of 330 patients with evidence of previous SARS-
CoV-2 infection were referred for CMR evaluation, includ-
ing 30 patients with MIS (6 MIS-A and 24 MIS-C: age 5 to
20 years). A subset of pediatric patients (age <16 years)
was imaged on a 3.0 T platform (n = 29, including 19 MIS-
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C cases), whereas all other patients were imaged at 1.5 T
(n = 301). Forty patients had CMR features diagnostic for
myocarditis: 21 patients with MIS and 19 patients without
MIS. The rate of myocarditis was significantly higher in
patients with MIS (70%) than without (6.3%, p <0.001).
We further analyzed clinical data from patients with
COVID-19-related myocarditis. The median age was
20 years and 65% were male. The prevalence of medical
co-morbidities was low. (Table 1) The time interval
between COVID-19 diagnosis and CMR study was 36 (IQR
20 to 60) days and was comparable between MIS and non-
MIS. At the time of CMR, all patients had recovered from
the acute phase and were stable without the need for respi-
ratory or hemodynamic support. During the acute phase of

Table 1
Baseline clinical characteristics

MIS myocarditis Non-MIS p Value

(n=21) myocarditis(n = 19)

Age (years) 14 (8-20) 24 (20-50) <0.001
Male 15 (71%) 11 (58%) 0.51
Heart rate (beats/minute) 101 (83-116) 76 (71-81) <0.001
Systolic blood pressure (mm Hg) 111(102-123) 118 (115-133) 0.024
Diastolic blood pressure (mm Hg) 71 (60-78) 77 (68-84) 0.11
Diagnosis-to-CMR duration (day) 35 (22-48) 42 (15-135) 0.24
Hypertension 1(5%) 2 (11%)
Diabetes 1(5%) 1(5%)
Coronary artery disease 0 0
Chronic lung disease/asthma 0 0
Cerebral vascular accident 1 (5%) 1(5%)
Chronic kidney disease 1 (5%) 0
Chronic liver disease 0 0
Structural heart disease 0 4 (21%)
Diagnosis by PCR 8 (38%) 16 (84%)
Diagnosis by antibody 13 (62%) 3 (16%)
COVID-19 acute symptoms 20 (95%) 17 (89%) 0.6
Cardiac symptoms 6 (29%) 11 (58%) 0.11
Chest pain 3 (14%) 7 (37%) 0.15
Dyspnea 1 (5%) 5(26%) 0.08
Palpitations 2 (10%) 3 (16%) 0.65
Presyncope/syncope 0 1(5%) 0.47
Hospitalization 20 (95%) 5(26%) <0.001
None (Home recovery) 1 (5%) 14 (74%)
Floor admission 7 (33%) 3(16%)
Intensive care 13 (62%) 2 (11%)
Treatment: corticosteroids 18 (86%) 1(5%)
Treatment: immunoglobulin 18 (86%) 0
Treatment: remdesivir 1 (5%) 1(5%)
Respiratory support 7 (33%) 2 (11%) 0.27
Nasal cannula oxygen 5 (24%) 2 (11%)
Non-invasive ventilation 1(5%) 0
Mechanical ventilation 1(5%) 0
Hemodynamic support 6 (29%) 0 0.032
Pressor 5 (24%) 0
Mechanical circulatory support 1 (5%) 0
Troponin I* 0.3 (0.04—-1.6) 0.01 (0.005-0.02) 0.016
Troponin elevation* 16 (76.2%) 2 (16.7%) 0.001
CRP' 216 (87.6—325)
BNP' 1,113 (460.8—1,927)
Abnormal ECG 12 (57%) 5(29%) 0.11

*Troponin laboratory values were available in 12 of 19 patients in group

B.

T There is significant missing data of BNP and CRP in the non-MIS myo-
carditis group and therefore not listed.

YECG data was available in 18 of 19 patients in the non-MIS group.

BNP = B-type natriuretic peptide; BSA = body surface area; ECG =elec-
trocardiogram; ECV =extracellular volume; HR =heart rate; LGE = late
gadolinium enhancement.

p <0.05 is considered significant.

Table 2
CMR findings
Myocarditis
MIS(n=21) Non-MIS(n=19) p Value

LVEF (%) 55 (51-60) 60 (58-62) 0.04
LVEDVi (ml/m?) 78 (66-88) 84 (82-103) 0.07
LVESVi (ml/m?) 33 (28-38) 32 (24-45) 0.80
LV mass/BSA (g/m?) 55 (50-57) 64 (47-73) 0.14
RVEF (%) 55 (50-57) 51 (46-54) 0.14
RVEDVi (ml/m?) 78 (69-88) 92 (84-119) 0.03
RVESVi (ml/m?) 37 (30-40) 48 (35-57) 0.02
SV index (ml/m?) 38 (34-49) 50 (47-62) 0.04

Cardiac index (L/min/m?) 4.0 (3.2-4.5) 3.4(3.0-3.9) 0.13

Global T1 Z-score 3.3(2.2-5.9) 1.5 (0.4-3.6) 0.02
Global T2 Z-score 2.1(0.2-3.8) 1.9 (0.8-2.6) 0.78
Global ECV (%) 33 (28-35) 31 (27-33) 0.73
LGE burden (%)* 59(3.1-11.6)  6.6(3.8-8.0) 0.83

*Two participants in the MIS group were not administered gadolinium
because of acute kidney injury.

BSA = body surface index; LVEDVi = left ventricular end-diastolic vol-
ume index; LVEF = left ventricular ejection fraction; LVESVi = left ven-
tricular end-systolic volume index; RVEDVi = right ventricular end-
diastolic volume index; RVEF = right ventricular ejection fraction;
RVESVi = right ventricular end-systolic volume index; SV = stroke vol-
ume index.

p <0.05 is considered significant.

COVID-19, patients in the MIS group were more likely to
require intensive care, to undergo treatment with corticoste-
roids and immunoglobins, and to exhibit troponin elevation
above the 99% of upper reference limit. CRP and B-type
natriuretic peptide were significantly elevated acutely in
patients in the MIS group and were largely not tested in the
non-MIS group (Table 1). Two patients from the MIS group
had new-onset atrial fibrillation. During the convalescent
phase, persistent cardiac symptoms were present in a subset
of patients in both groups (29% vs 58%, MIS vs non-MIS,
p = 0.11). At the time of CMR, patients in the MIS group
had a significantly higher heart rate and lower systolic
blood pressure (Table 1).

Of the 40 patients with CMR findings of myocarditis, 13
pediatric patients (age 5 to 15 years) were imaged at 3.0 T,
whereas 27 patients (age 16 to 76 years) were imaged using
a 1.5-T magnet. CMR data are listed in Table 2. Patients in
the MIS group had lower left ventricular ejection fraction
(median 55% vs 60%, MIS vs non-MIS, p = 0.04) and
stroke volume index. Cardiac index was not different
between the 2 groups, because of the higher heart rate in
the MIS group. Of the 40 patients, 37 (21 from MIS and 16
from non-MIS) had CMR findings diagnostic of acute myo-
carditis according to the modified Lake Louise criteria,
whereas 3 patients (from the non-MIS group) demonstrated
a subepicardial LGE pattern without active myocardial
edema, suggestive of healed myocarditis.

Global myocardial inflammation and edema were noted
in all patients with MIS myocarditis, whereas patients in
the non-MIS group had regional inflammation and edema
(Figures 1 and 2). Native T1 and T2 times were converted
to Z-scores to facilitate the comparison of studies from 1.5
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Figure 1. CMR features of COVID-19-related myocarditis (1.5-T platform). A 25-year-old man presented with MIS-A myocarditis and had elevated troponin
I (peaked at 9 ng/ml) and non-specific ST-T changes. CMR showed septal and inferior subepicardial LGE (A, B) and global elevation of T1 (1,245 ms, Z-
score 15.6) (C) and T2 values (63 ms, Z-score 11.2) (D). A 24-year-old man with non-MIS myocarditis had dyspnea on exertion after COVID-19. CMR
showed basal inferoseptal and mid-inferolateral LGE (E, F), normal global myocardial T1 (968 ms, Z-score 0.2), (G) and mild regional T2 elevation (51 ms,
Z-score 3.8) at the location of LGE (H). Yellow arrows point to the locations of LGE. The normal ranges of T1 and T2 were 930 to 1,010 ms, and <50 ms,

respectively. The normal range of Z-score was —2 to 2.

and 3.0-T scanners. The global myocardial T1 Z-score was
significantly elevated in the MIS group, whereas myocar-
dial T2 Z-scores were comparable between the 2 groups
(Table 2). We explored the association between the acute
inflammatory marker CRP and myocardial involvement in
patients with MIS myocarditis. Although CRP was associ-
ated with B-type natriuretic peptide (p = 0.004) during the
acute phase, CRP was not associated with CMR findings,
including left ventricular ejection fraction (p = 0.70), global
T1 (p =0.59), global T2 (p =0.76), or LGE (p = 0.08).

The LGE burden was similar in both groups (5.9% vs
6.6%, MIS vs non-MIS, p = 0.83). However, the 2 groups
exhibited different LGE distributions: the MIS group had
LGE frequently located at the septum, whereas the non-
MIS group often had LGE in the inferior half of the myo-
cardium (Figure 2). Of note, 31 of the 49 segments (63.3%)
with LGE in the MIS myocarditis group were either antero-
septal or inferoseptal segments; in contrast, 10 of the 36
segments (27.8%) with LGE in the non-MIS myocarditis
group were septal segments (p = 0.001).

Of the 40 patients with myocarditis, 20 patients had a
follow-up CMR (7 from the MIS group and 13 from the
non-MIS group) at a median follow-up of 102 (IQR 85 to
150) days after the first CMR. One case from the MIS group
was performed without gadolinium because of the esti-
mated glomerular filtration rate <30 ml/min/1.73 m”. Five
patients (25%, 3 from MIS, and 2 from the non-MIS group)
continued to demonstrate regional myocardial inflamma-
tion/edema (T1 and T2 elevations), and 1 of them (from the
MIS group) had persistent dyspnea on exertion; all other

patients had complete resolution of myocardial inflamma-
tion/edema. The LGE burden improved over time, from a
median of 5.0% (IQR 3.4% to 7.3%) to 3.2% (IQR 2.0% to
3.8%) (p <0.001), at a variable rate (Figure 3).

This study demonstrates distinct differences in myocar-
dial tissue characterization between MIS myocarditis and
non-MIS myocarditis after COVID-19. This suggests diver-
gent underlying pathogenesis of myocarditis and adds to
our understanding of complications. MIS myocarditis is
characterized by global myocardial inflammation with
more significant elevations in T1, compared with regional
involvement in non-MIS myocarditis. Furthermore, distinct
LGE localizations were found in MIS and non-MIS myo-
carditis, despite a comparable LGE burden. Patients with
MIS were found to have a septal LGE distribution, a finding
previously reported as prognostic of worse long-term out-
comes.'® Although this study was not set up to evaluate the
incidence of myocarditis, our observations agree with a
recent study showing that MIS patients were more likely to
have cardiac involvement compared with severe acute
COVID-19.”

The mechanism of non-MIS COVID-19—related myo-
carditis is unclear and likely multifactorial. SARS-CoV-2
has been detected in heart tissue,'”* with the possibility of
direct myocardial invasion. Endomyocardial biopsies in
patients with severe myocarditis have also shown lympho-
cytic infiltration without focal necrosis or structural disrup-
tion, suggesting a critical role of hyperinflammation.'’ In
constrast, MIS is recognized as secondary to cytokine dys-
regulation in response to SARS-CoV-2 infection and is


www.ajconline.org

Cardiomyopathy/CMR Features of COVID-19 Myocarditis 139

A.
MIS Non-MIS
2%
22%
53% 32%
47% 2%
NA
37%
47%
B.
Non-MIS
18%
6%
12% 6%
22% 28%
NA
11% 11%
12% 12%

11%

12%

Figure 2. Myocardial segments demonstrating T1 elevation, T2 elevation,
and LGE in the AHA 17-segment model. (A) The rate of myocardial T1
elevation by segment, in MIS and non-MIS patients with myocarditis. (B)
The rate of myocardial T2 elevation by segment, in MIS and non-MIS
patients with myocarditis. (C) Distribution of LGE in the MIS and non-
MIS patients with myocarditis. The rate of occurrence within each segment
was marked.

associated with a high incidence of myocardial dysfunction
and circulatory shock. The CMR findings from our study
support the important role of a global hyperinflammatory
milieu in MIS-related myocarditis. Non-MIS COVID-19
myocarditis, in contrast, commonly demonstrates regional
involvement similar to other viral myocarditis, but with a
unique predilection for the inferior wall. The distinct
parametric mapping and LGE patterns between the 2 groups
merit consideration of different underlying pathophysiology
of MIS versus non-MIS myocarditis.

The long-term prognosis after COVID-19-related myo-
carditis remains to be determined. Both the presence and
localization of LGE are known major predictors of long-
term cardiovascular events in patients with acute viral

myocarditis.”' Different patterns of LGE localization have
been shown in acute viral myocarditis: left ventricular infe-
rior and lateral wall LGE is commonly seen in parvovirus
B19 myocarditis, whereas septal LGE is more frequently
observed in human herpes virus-6 myocarditis.”> Myocardi-
tis with septal LGE is reported to have a worse prognosis.'®
Recently, Huang et al”® showed a predilection of LGE
localized to the basal-to-mid inferior wall in 15 patients
with COVID-19 (non-MIS) myocarditis. By comparison,
we demonstrate different LGE patterns of MIS and non-
MIS myocarditis: the anteroseptal and inferoseptal seg-
ments were most frequently involved in MIS myocarditis,
whereas inferoseptal, inferior, and inferolateral LGE was
commonly observed in non-MIS myocarditis (Figure 4).
The reason for differential segmental LGE predilections
and prognostic implications remains unclear, although mul-
tiple physiological perturbations have been described
because of COVID-19, including ongoing inflammation,
endothelial dysfunction, and microthrombi.”**> Whether
the LGE presence and pattern forecast long-term cardiovas-
cular outcomes in MIS versus non-MIS myocarditis war-
rants further study.

Rapid and continuous recovery was previously reported
in acute viral myocarditis, with largely resolved myocardial
inflammation/edema after 8 weeks.”® In our study, sequen-
tial CMR in 20 patients demonstrated myocardial recovery
at a median follow-up of 102 days since the first CMR, with
an overall improvement of LGE burden with individual var-
iations. Future investigation of both MIS and non-MIS
myocarditis is needed to elucidate the evolution of COVID-
19-related myocarditis and its clinical significance.

Our study has several limitations. First, it is a single-cen-
ter study, with selection bias. Most of the patients in the
study cohort were healthy at baseline and few non-MIS
patients suffered severe COVID-19. Furthermore, many
patients were referred based on clinical suspicion for myo-
carditis. Second, there are age disparities between the
groups because of the inclusion of MIS-C patients in the
MIS group. Third, there was a bias toward obtaining CMR
in patients with a clinical suspicion for myocarditis. MIS,
particularly MIS-A, may be under-reported in the popula-
tion and more likely to be diagnosed in critically ill patients
with troponin elevation, as was common in our MIS
cohort.” Fourth, delay of CMR to the convalescent phase—
because of local COVID-19 protocols to limit exposure to
actively infected individuals—may have led to an underes-
timation of myocardial injury. Finally, limited follow-up
CMR data are currently available to study myocardial
recovery in patients with MIS myocarditis.

In conclusion, the CMR features of COVID-19
—related myocarditis differ in patients with and without
MIS. In patients with myocarditis after COVID-19, MIS
is associated with both an increased degree of myocar-
dial inflammation and more global involvement relative
to patients without MIS. LGE in non-MIS COVID-19
myocarditis is frequently located at the inferior myocar-
dial segments, whereas septal involvement is more com-
mon in MIS myocarditis. Recovery is noted in all forms
of COVID-19 myocarditis, albeit residual LGE is com-
mon at a median follow-up of 102 days after the diagno-
sis of myocarditis by CMR.
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Figure 3. (A) Follow-up CMR imaging showing reduction of myocardial LGE in both MIS and non-MIS patients. Arrowheads point to the locations of LGE.
White arrows point to the pericardial effusion. (B) Resolution of myocardial LGE in follow-up CMR in patients with MIS and non-MIS myocarditis.
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