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ABSTRACT

The recent COVID-19 pandemic has afflicted
over 200 million individuals to date, with many
different organ systems involved. The pediatric
involvement has been variable, but of note is
the risk of cardiac disease in pediatric COVID-19
patients. We review here the cardiac involve-
ment in pediatric patients with COVID-19.
Several studies highlight a possible cardiotropic
nature of SARS-CoV-2, and describe the disease
severity in myocarditis, both symptomatic and
occult, as well as MIS-C. We describe the
expected clinical course of these patients and
note the lack of long-term follow-up data and
the concerning prevalence of continued abnor-
mal findings on follow-up imaging. With this
paucity of long-term cardiac data, we recom-
mend consideration of advanced imaging for
pediatric patients with cardiac symptoms and/
or elevation of cardiac serum biomarkers.

Keywords: Coronavirus; COVID-19; Myocardi-
tis; MIS-C

Key Summary Points

Several studies have described direct SARS-
CoV-2 myocardial infection, raising the
possibility of direct cardiotropic nature of
COVID-19 in some patients.

Abnormal CMR findings have been
reported in up to 33% of pediatric MIS-C
patients.

Up to 14% of pediatric patients continue
to have abnormal CMR at follow-up.

The clinical implications of these residual
abnormal features is yet unknown,
highlighting the importance of continued
long-term follow-up.

BACKGROUND

The novel coronavirus strain spreading
throughout the world is a single-stranded posi-
tive-sense RNA virus termed SARS-CoV-2, which
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is the virus responsible for COVID-19. The
namesake of the coronavirus is the spike protein
capsid surrounding the virus [1]. Spike protein
binds to the ACE2-receptor along respiratory
epithelial cells, among others, facilitating entry
into the cell [2]. The COVID-19 outbreak began
with a cluster of patients with pneumonia
where a viral source was linked back to a
wholesale seafood market in Wuhan, China [3].
As the first wave of the pandemic rippled across
the United States, much of its morbidity and
mortality was focused on the hospitalized adult
patient. The pediatric patient was thought to be
spared from severe effects of COVID-19, with
what appeared to be fewer total cases and less
severity of pediatric disease in comparison to
adult populations [4–10]. Unfortunately, this
observation proved premature as the emergence
of new disease entities such as multisystem
inflammatory syndrome in children [11]
showed that children were not spared from the
ill effects of SARS-CoV-2. The emergence of
other variants continues to expand the broad
reach of COVID-19’s effects on the population
[12, 13].

SARS-COV-2 and the Myocardium

The cardiovascular system is one of the organ
systems that appears to be particularly affected
by SARS-CoV-2. The direct mechanism of car-
diac involvement is unclear, but there have
been several proposed mechanisms. Some
involve a cytokine storm phenomenon that
leads to subsequent cardiac involvement similar
to Kawasaki disease [14, 15]. Another theory
posits that spike protein, via the ACE2-receptor
binding domain found in alveolar lung tissue
and myocardial tissue [16], binds to cardiomy-
ocytes in a similar fashion as has been seen for
SARS-CoV-1 [17]. Oudit and colleagues demon-
strated myocardial susceptibility when they
demonstrated 35% of heart biopsy specimens
collected from the 2009 SARS-CoV-1 outbreak
carried the SARS-CoV-1 genome [17]. Recent
studies have produced similar results, with 62%
of cardiac biopsy specimens documenting SARS-
CoV-2 viral load and nearly half of these having
what was classified as high viral copy numbers

[18]. In the study by Lindner et al., myocardial
involvement was found without markers of
fulminant myocarditis [18]. This feature may
speak to the cardiotropic effects of SARS-CoV-2
separate from a fulminant myocarditis-type
effect that has been previously described [19].
Baily et al. describe cardiomyocyte infection in
an engineered heart tissue model, resulting in
intracellular cytokine production, sarcomere
disassembly, contractile deficits, and cell death
[20]. Further work will be needed to delineate
the exact mechanism, and whether different
mechanisms are correlated to different disease
phenotypes within COVID-19. The verdict is
still out on whether ACE-2 is a feature of pro-
posed cardiotropic effect of SARS-CoV-2, with
some studies supporting direct involvement of
ACE-2 [21, 22] and some via a secondary down-
stream change [16]. Additionally, future studies
will need to focus on factors such as patient-
specific genomics and how these may affect
susceptibility to different disease states within
COVID-19.

Non-Invasive Imaging Findings
with COVID-19

The main cardiac imaging modalities utilized
are transthoracic echocardiography (TTE) and
cardiac MRI (CMR). TTE offers the advantages of
being widely available, portable, requiring a
shorter scan time, and providing a good evalu-
ation of myocardial and valvar function. Several
studies have noted variable findings by TTE in
COVID-19 patients. Stobe et al. demonstrated
that a cohort of COVID-19 patients demon-
strated abnormal left ventricular echocardio-
graphic strain in the basal segments [23].
Seventy-one percent of their cohort demon-
strated abnormal strain parameters, despite
normal left ventricular ejection fraction. How-
ever, while TTE is often the first-line cardiac
imaging modality for a variety of disease pro-
cesses, its main limitation is its inability to
assess for changes in the myocardial tissue.

The evidence of the cardiotropic nature of
SARS-CoV-2 requires accurate assessment of
myocardial involvement in COVID-19 patients
and this is where CMR plays a key role.
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Evaluation of the myocardium requires great
equipoise between the invasiveness of testing
and diagnostic accuracy, particularly in the
pediatric patient. While endomyocardial biopsy
is considered the reference standard for
myocardial tissue characterization, innovations
in CMR (including new sequences and rapid
acquisition techniques) coupled with experi-
ence and expertise have brought non-invasive
evaluation to the forefront. The recent AHA
Scientific Statement on Pediatric Myocarditis is
a prime example of the prominent role that
CMR plays in evaluating the myocardium, ele-
vating CMR findings close to the reference
standard of endomyocardial biopsy [24]. These
recommendations mirror the current clinical
practice of shifting away from endomyocardial
biopsy to less-invasive diagnostics. This recom-
mendation is supported by the myriad of liter-
ature demonstrating accuracy of tissue
characterization by CMR. Ferreira and col-
leagues provided an update to the previous
standard CMR guidelines known as the Lake
Louise Criteria (LLC), describing tissue charac-
teristics of patients with nonischemic myocar-
dial inflammation [24]. Briefly, myocardial
inflammation alters the T1 and T2 relaxation
times of the myocardium measured by CMR

imaging compared to normal reference T1 and
T2 values for the myocardium (Fig. 1). When
inflammation leads to myocyte injury, this
feature manifests as late gadolinium enhance-
ment (LGE), one of the keystones for myocar-
dial tissue characterization by CMR [25]. Late
gadolinium enhancement is the reference
standard for myocardial viability assessment
and is one of the most widely utilized CMR
techniques. These features combined are
indicative of myocardial edema and necrosis
[26].

Given this and other studies highlighting the
benefit of non-invasive imaging, current
guidelines state that CMR carries the same class
1 indication as endomyocardial biopsy for the
diagnosis of myocarditis [24]. Several studies
have utilized CMR for myocardial evaluation in
the COVID-19 patient and demonstrated
important findings within the myocardium
after SARS-CoV-2 infection. We review some of
the important evidence of cardiac involvement
of patients suffering from COVID-19 and seek to
highlight the different non-invasive imaging
findings within different subsets of this cardiac
involvement. We will also call to attention areas
in the literature that require further studies, as
we all continue to rapidly learn different

Fig. 1 2D Transthoracic echocardiographic images in the parasternal short axis demonstrating coronary abnormalities seen
in MIS-C. A Mild coronary ectasia of LAD (arrow). B Giant aneurysm in the left anterior descending (arrow)
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features of this new disease. This article is based
on previously conducted studies and does not
contain any new studies with human partici-
pants or animals performed by any of the
authors.

MYOCARDITIS

Patients with COVID-19 myocarditis can pre-
sent with many different cardiac findings, and
many will describe chest pain and palpitations
along with the common symptomatology
associated with COVID-19 infection. As previ-
ously discussed, COVID-19 myocarditis is diag-
nosed by CMR using modified-LLC criteria,
where abnormalities in T1 and T2 relaxation
time are seen and caused by myocardial edema
and necrosis. Patients with COVID-19
myocarditis may have echocardiographic
changes such as decreased left ventricular ejec-
tion fraction, segmental hypokinesia, and peri-
cardial effusions [27–29]. Elevated cardiac
biomarkers such as troponin can be seen in up
to 45% of hospitalized COVID-19 patients
[30–32].

Imaging Findings in Adults with COVID-
19

Several studies have highlighted that patients
presenting with elevated serum cardiac
biomarkers are more likely to have findings
consistent with myocarditis as defined as
myocardial edema or other features of positive
T2 criterion, which is the most common finding
in the COVID-19 myocarditis patient, in addi-
tion to at least one T1-based criterion [33, 34].
Chen and colleagues describe a 25-patient
cohort of adults who had CMR performed in the
acute phase (defined in their study as 3–8 days
after diagnosis) of COVID-19 infection. Patients
with at least one marker of cardiac involvement
had significantly elevated T1 relaxation time,
extracellular volume, T2 mapping, and LGE in
addition to worse global longitudinal strain
[34]. Importantly, these findings were signifi-
cantly increased compared to healthy controls,
irrespective of troponin values. The average age
in this study was 23 years old, highlighting the

lack of protection for the young adult patient
against cardiac involvement.

Cases of cardiac involvement harbor a poor
prognostic factor in the adult population
[27, 28, 31, 35–37], and the prevalence of car-
diac involvement has been on the rise. The odds
of myocarditis diagnosis has been found to be
16 times greater for those with COVID-19 than
those without COVID [38]. In a large study of
hospitalized COVID-19 adults, those with car-
diac injury had a 59% incidence of acute respi-
ratory distress syndrome (ARDS) and a 51%
mortality rate, compared to 15% and 5%,
respectively, in those without cardiac injury
[39].

Imaging Findings in Collegiate Athletes
with COVID-19

Due to the concern for SARS-CoV-2 having a
predilection for affecting the myocardium and
the risk of exercise precipitating arrhythmias
[40], a subset of COVID-19 patients that has
encountered specific controversy is the asymp-
tomatic or minimally symptomatic competitive
athlete recovering from COVID-19. There is
great uncertainty surrounding how to screen
these patients for disease, how to determine
cardiac involvement, and how to counsel these
athletes regarding return to sporting activity.
This involvement has extended all the way to
the professional level [41]. Expert recommen-
dations, as early as fall 2020, have recom-
mended a tiered approach with clinical
symptoms, serum biomarkers, and electrocar-
diogram (ECG)/echocardiographic assessment
to guide which patients warrant further imaging
via CMR [40–42].

Daniels and colleagues report on a large
cohort of collegiate athletes from the Big Ten
Conference undergoing screening after SARS-
CoV-2 infection. While there was some varia-
tion in screening strategy, a large number of
athletes underwent primary CMR screening.
They found COVID-19 myocarditis, as defined
by LLC on CMR, in 2.3% of athletes amongst
the Big Ten COVID-19 cardiac registry [43].
Twenty-eight of the 37 myocarditis cases were
asymptomatic and the diagnosis was made on
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CMR findings alone, where all other imaging
modalities were normal, highlighting the
prevalence of subclinical myocarditis in this
disease and the importance of CMR. Follow-up
CMR on these patients showed that all had
resolution of markers of myocardial edema, but
that 60% had continued myocardial scar. The
authors describe several considerations regard-
ing these findings, and importantly note the
risk of sudden cardiac death, even in asymp-
tomatic athletes with myocarditis, as was
described to occur in nearly half of viral
myocarditis cases of sudden death in young
patients [44]. The occult nature of CMR findings
may provide further insight into a possible
cardiotropic nature of SARS-CoV-2, thus allow-
ing cardiac involvement without overt
involvement of other organs. With this in
mind, the risk of sudden death during exercise
must be considered when determining return-
to-play recommendations for the COVID-19
athlete. Malek and colleagues similarly noted
CMR abnormalities at follow-up MRI in 19% of
elite athletes despite mild/asymptomatic
COVID-19 infection in the vast majority of
participants [45]. However, rates of cardiac
involvement in other studies have not been as
high as other studies [46]. As others have noted
[47], the clinical significance of these CMR
findings are yet to be identified for the com-
petitive athlete, and further studies will be
required to delineate restrictions and return-to-
play given the importance prevalence of
myocarditis in the competitive athlete after
COVID-19. There is a paucity of data showing
that such features as isolated myocardial edema
affect long-term prognosis in other cases of
myocarditis [45]. The possibility of ongoing
inflammation and a potential nidus for dys-
rhythmia should be entertained, but this will
need to be balanced with the notable likelihood
of false-positive findings on CMR. Of the 97
deaths due to viral myocarditis described in a
study by Harris et al., 58 were physically active
at or near time of death [48], bringing to light
the importance of safe return to play. Nearly
half of these sudden unexpected deaths in
myocarditis patients were precluded by a viral
prodrome, which may assist in restricting ath-
letes that continue to be symptomatic following

infection and/or the ‘‘Long Covid’’ subgroup of
COVID-19 patients [49]. These findings are
summarized in Table 1.

MIS-C

Multisystem inflammatory syndrome in chil-
dren (MIS-C) is a rare, new disease entity tem-
porally associated with severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infec-
tion [50]. Patients with MIS-C, defined as
those\21 years of age, present with fever, ele-
vated inflammatory markers, and evidence of
multisystem organ involvement (Table 2). MIS-
C has shown a higher-than-expected prevalence
in the Hispanic and non-Hispanic Black popu-
lations [51]. The emerging nature of this disease
subset led to many challenges for the pediatric
provider. Infection control and provider/sono-
grapher safety while screening for cardiac
involvement stressed the pediatric hospital
system nationwide, as the high level of personal
protective equipment further strained an
already-stressed cohort. Providers across the
country worked tirelessly to learn more about
MIS-C and its features as a subset of pediatric
COVID-19 [52]. While mortality in MIS-C is
fortunately rare, overt cardiac involvement
during hospitalization is very common. Cardiac
dysfunction is reported in 34–41%, ECG
abnormalities in 35%, and coronary artery
abnormalities in 13–24% of patients hospital-
ized for MIS-C [53, 54]. Valverde and colleagues
described similar cardiac morbidities in their
large European cohort and found that 40% of
patients presented in shock and over 50%
required admission to the intensive care unit.
Elevated troponin has been found in up to 93%
of MIS-C patients, elevated BNP in up to 94%,
and cardiac dysfunction in 34–50% [53, 55–58].
Treatment of MIS-C has centered around intra-
venous immunoglobulin (IVIG) with possible
addition of glucocorticoids, with a lack of con-
sensus currently on the best treatment regimen
[54, 59].
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Table 1 Summary of a collection of pertinent findings regarding abnormal imaging in patients with COVID-19

Study
authors

No. of
patients

Age
(years)

COVID-19
cardiac
diagnosis

Echo findings CMR, normal/
abnormal?

CMR findings

Puntmann

et al.

100 49 ± 14 Recovered

COVID-19

(1/3

hospitalized

during Dx)

- 78% abnormal

CMR

73% had increased

native T1, 60%

had increased

native T2

32% had LGE, 22%

had PCE

Chen et al. 25 (range

18—35)

Symptomatic

COVID-19

- CMR

performed

within

10 days of

symptom onset

Increased mean

native T1

mapping vs.

controls

Increased mean T2

mapping vs.

controls

Increased mean

ECV vs. controls

Worsened mean LV

GLS vs. controls

Daniels

et al.

1597 (collegiate

athletes)

Myocarditis in

9

Subclinical

myocarditis

in 28

Abnormal in 5/37

(2 myocarditis, 3

subclinical

myocarditis)

37/1597

diagnosed

with

myocarditis

(2.3%)

31 had CMR

findings of

myocarditis

31/37 (84%) having

increased T2, 5/37

(14%) had

increased T1

LGE was seen in

36/37 (97%)

27/38 had follow-up

CMR; resolution

of T2 elevation in

100%, LGE

resolution in 41%
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Table 1 continued

Study
authors

No. of
patients

Age
(years)

COVID-19
cardiac
diagnosis

Echo findings CMR, normal/
abnormal?

CMR findings

Malek et al. 26 elite

athletes

24 (IQ

21—27)

Asymptomatic/

mild

COVID-19

- 5/26 (19%)

abnormal

CMR

CMR

performed

32 days

from diagnosis

No cases of

myocarditis

(LLC)

4/26 (15%) had

edema by T1/T2/

ECV

1/26 (4%) had LGE

1/26 (4%) had PCE

Martinez

et al.

789

professional

athletes

25 ± 3 Recovered

symptomatic

or mild/

asymptomatic

COVID-19

2.5% had abnormal

echocardiography

(mild LV

dysfunction,

PCE)

27 CMR

performed

3/27 (11%) had

myocarditis

2/ 27 (%) had PCE

Kotecha

et al.

148 64 ± 12 Recovered

severe

COVID-19

Decreased LVEF in

11%

CMR

performed

68 days from

confirmed

COVID Dx

13% had increased

T1

3% had increased

T2

35% had LGE

Huang

et al.

26 38 (IQ

32—45)

Recovered

(prev

hospitalized)

COVID-19

- 58% had

abnormal

CMR

28% had increased

T1

25% had increased

T2

24% had increased

ECV

31% had LGE

Joy et al. 149 37 (range

18—63)

Mild COVID

in healthcare

workers

- CMR

performed

6 months

post COVID-19

DX

6/149 4%) had

increased T1

9/149 (6%) had

increased T2

13/149 (9%) had

LGE
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Echocardiographic Features of MIS-C

Despite presenting with significant dysfunction,
normalization of left ventricular ejection frac-
tion (LVEF) was achieved in nearly all patients
following recovery from MIS-C. Findings from
Belhadjer and colleagues described a 35-patient
cohort of patients, median age 10 years, diag-
nosed with MIS-C. All 35 patients in this cohort
presented with fever and had a LVEF of\50%,

with 28% having an LVEF of\ 30%. Eighty
percent of these patients required inotropic
support and a striking 28% required extracor-
poreal membrane oxygenation (ECMO). A total
of four of 35 showed segmental wall hypokine-
sis in addition to the left ventricular dysfunc-
tion. Recovery in LVEF was seen in 71% of the
patients and was achieved at a median of 2 days,
which is a strikingly fast recovery rate for
patients presenting with such severe features.

Table 1 continued

Study
authors

No. of
patients

Age
(years)

COVID-19
cardiac
diagnosis

Echo findings CMR, normal/
abnormal?

CMR findings

Valverde

et al.

286 8.4 (IQ

3.8—

12.4)

MIS-C Decreased LVEF in

34%

PCE mod ? in

3.1%

Reduced LV GLS

in 26.5%

CA abnormal in

24.1%

42/286 had

CMR

performed

33% abnormal

Increased T2 signal

in 33%

LGE in 14.3%

Feldstein

et al.

1116 9.7 (IQ

4.7—

13.2)

MIS-C Decreased LVEF in

34%

CA abnormal

13.4%

- -

Belhadjer

et al.

35 10 (IQ

2—16)

MIS-C LVEF\ 30% in

28%

LVEF 30—50% in

72%

- -

Bermejo

et al.

20 8 (range

17

months

to 14

years)

MIS-C LVEF decreased in

50%

CA abnormal in

25%

CMR

performed

27 ± 14 days

from SSX

onset

1/20 (5%) had

increased T1

1/20 (5%) had

increased T2

2/20 (10%) had

LGE

Note that patients are grouped by COVID-19 cardiac diagnosis, and ‘‘ – ‘‘ represents aspects that were not covered in the
indicated study
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Regional wall motion abnormalities have been
described in 7–10% of MIS-C patients, and 35%
of patients have been found to have arrhyth-
mias during hospitalization [53]. Several studies
evaluating echocardiographic strain demon-
strated residual abnormalities in these patients,
particularly those who presented with more
severe illness, speaking further to residual occult
disease [60, 61]. Sanil et al. found that those
who had worse left ventricular longitudinal
strain (LVGLS) on admission had higher peak
troponin elevation and less improvement in
LVGLS by 10 weeks of follow-up.

Right heart involvement has yet to clearly
been demonstrated in MIS-C, as the majority of
the pathologic findings appear isolated to the
left ventricle. When involved, changes in right
ventricular parameters such as abnormal
echocardiographic strain has been predictive of
myocardial injury [60] and has been shown to
be a predictor of mortality in adult patients [62].
Further pediatric echocardiography studies
regarding this topic are on-going.

The presence of coronary artery involvement
in the form of coronary ectasia or aneurysm
formation is another prominent imaging find-
ing of MIS-C. A large cross-sectional study of
MIS-C patients in the USA found a coronary
artery abnormality prevalence of 16.5% [63].
Although less frequent, giant coronary aneur-
ysms have been reported with MIS-C and based
on literature from the Kawasaki disease popu-
lation, are the most likely to have long-term
sequelae [64]. Figure 1 describes aneurysmal
changes in two different MIS-C patients.

Table 2 Single-center study highlighting different features
of MIS-C reported at admission, as well as cardiac
involvement, clinical course, and treatment strategy

Age in years (median; range) 8 (0.3–19)

Male 52.3% (n = 46)

Female 47.7% (n = 42)

Race

White 42% (n = 37)

African American 46.6% (n = 41)

Latino/Hispanic 4.6% (n = 4)

Multiracial 6.8% (n = 6)

Systems involved by symptoms at admission

Fever 100% (n = 88)

Duration of fever in days 4.5 (SD = 3.3)

Gastrointestinal 85.2% (n = 75)

Mucocutaneus 46.6% (n = 41)

Cardiovascular 46.6% (n = 41)

Respiratory 39.8% (n = 35)

Musculoskeletal 13.6% (n = 12)

Neurologic 44.3% (n = 39)

Clinical outcomes

Length of stay in days 8.4 (SD = 4.9)

Admission to PICU 44.3% (n = 39)

Use of vasoactives 34.1% (n = 30)

Cardiac dysfunction 40.7% (n = 35)

Coronary involvement 27.6% (n = 24)

Therapies used

IVIG 94.3% (n = 83)

Steroids 89.8% (n = 79)

Anakinra 10.2% (n = 9)

Remdesivir 1.1% (n = 1)

Aspirin 92% (n = 81)

Anticoagulation

Prophylactic 73.9% (n = 65)

Table 2 continued

Age in years (median; range) 8 (0.3–19)

Therapeutic 23.9% (n = 21)

Note the persistence of fever, high prevalence of gas-
trointestinal involvement, cardiac involvement in nearly
half of patients, and the preponderance of patients
receiving IVIG and steroids. ‘‘IVIG’’ intravenous
immunoglobulin
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CMR Findings in MIS-C

CMR assessment of MIS-C has followed shortly
behind the clinical and echocardiographic
assessment of the disease, as we continue to
learn more about the subacute and longer-term
course of these patients. Early reports from the
United Kingdom described varying findings in
CMR parameters when assessing mean T1 and
T2 mapping. A large multicenter MIS-C registry
from Europe included 42 pediatric patients with
CMR and showed myocardial edema via T2
mapping to be present in 33% and LGE in 14%
of patient during the acute hospitalization [53].
A study by Bermejo and colleagues performed at
a mean of 27 days after onset of symptoms
showed no increased mean T1 and T2 mapping,
but 2 of 4 did show LGE [65]. Complicating
interpretation was that all but one of these 20
patients described by Bermejo and colleagues
had normal biventricular systolic function as
assessed by CMR, despite half of the patients
having reduced LVEF by transthoracic echocar-
diography. Upon further review, two of the 20
were found to have segmental T2 mapping
abnormalities. These areas were associated with
elevated C-reactive protein (CRP) at initial pre-
sentation. A smaller study of four patients in the
acute period of MIS-C found that 75% of
patients had elevated mean T1 and/or T2 map-
ping, without evidence of LGE in the acute
phase [66]. Similar to the previously noted TTE
studies, abnormal strain imaging by CMR has
also been reported in MIS-C [67]. The summary
of most findings, highlighted by these and
others, seem to show acute findings consistent
with myocarditis on CMR that resolves with
clinical improvement (Fig. 2). These findings
are summarized in Table 1. Future study into
the long-term recovery of the myocardium and
subsequent sequelae is needed.

POST-ACUTE SEQUELAE OF COVID-
19

As our knowledge has grown regarding COVID-
19, we have found different disease phenotypes
emerging out of those that have suffered from
the virus. Post-Acute Sequelae of COVID-19, or

‘‘long COVID,’’ has been defined as signs and
symptoms of COVID-19 that continue for more
than 4 weeks and are not explained by an
alternate diagnosis [68, 69]. Symptoms can
include similar presenting-symptoms such as
cough, shortness of breath, and joint pains but
can also include fatigue and altered memory
and/or cognitive function described as ‘‘brain
fog’’ [68, 70]. The mechanistic explanations for
continued symptomatology have included post-
inflammatory lymphatic drainage alterations,
post-infectious fibrotic changes to different
organ systems, cytokine profile maladaptation
or direct viral cellular injury as described by
Crook and colleagues [71]. Long COVID is not
restricted to only those that have had severe
illness at initial COVID-19 diagnosis, as it has
been seen in a number of mild infections as
well. Some reports have shown symptoms to
persist in up to over 85% of patients when
assessed 2 months following initial onset
[72–74], however most reports cite that roughly
one in four patients may experience degrees of
long COVID [68, 75]. The most common
symptoms experienced in long COVID are fati-
gue, dyspnea, joint pain, and chest pain. This
high prevalence, albeit seen in only a smaller
cohort, highlights the importance of continued
care in COVID-19 patients. Recommendations
for evaluation of long COVID patients remains
sparse, with individual providers often deter-
mining follow-up plans. Different degrees of
COVID severity, different time frames of follow-
up and via different modes of imaging, cardiac
restrictions, and/or therapies continue to be
unanswered questions.

Imaging Findings in Long COVID

Previously noted EG and echocardiographic
abnormalities from acute infection may persist
for some time, however to date, no studies have
identified overt heart failure persisting in
COVID-19. Some studies have shown both
ischemic and non-ischemic changes on CMR
for patients recovered from severe COVID-19
infection [32], highlighting the importance in
considering cardiac ischemia in the recovered
COVID-19 patient with new chest pain or other

194 Cardiol Ther (2022) 11:185–201



cardiac symptomatology. Puntmann and col-
leagues showed that 78% of patients recovered
from COVID illness had positive CMR findings
at an average of 71 days following symptom
onset (Table 1). Similar findings have been
shown by Kotecha and colleagues [32]. A large
majority of these patients had elevated tro-
ponin, possibly indicating a disease subset more
likely to show cardiac involvement at follow-up
assessment. Importantly, only one-third of the
patients in this study had illness requiring
hospitalization, showing that disease severity
and cardiac involvement are not exclusive. In a

study by Huang et al., of 26 patients with
moderate-to-severe COVID infection who
reported cardiac symptoms during recovery,
58% had abnormal CMR findings at an average
follow-up time of 47 days after cardiac symptom
onset [76]. None of these patients had prior
known myocarditis during their COVID illness.
There was no difference found between CMR-
positive and CMR-negative groups and different
cardiac symptoms, suggesting that symptoma-
tology did not play a factor in predicting CMR
findings. Also, no difference was seen in LV
function and volumetric assessments, further

Fig. 2 Cardiac MRI of an MIS-C patient with evidence of
myocarditis. A T2 map demonstrating subepicardial
enhancement (arrow) consistent with myocardial edema.
B T2-weighted triple inversion recovery imaging showing
enhancement along the lateral wall (arrow). C Extracellular

volume mapping and D late gadolinium enhancement
post-contrast imaging both showing rim of subepicardial
enhancement (arrow) consistent with myocardial injury
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challenging mechanistic interpretation. The
high prevalence of CMR positive findings in this
cohort of moderate-to-severe COVID, at an
average of 47 days, suggests some type of
underlying cardiac involvement and may carry
a higher risk in those with residual cardiac
symptoms during recovery. Several studies have
similarly shown that cardiac symptoms are less
likely following recovery of mild COVID, but
still occur in 10–20% of cases [74] and cardiac
symptoms and/or biomarkers seem to portend
higher likelihood of CMR findings [77]. Further
studies, as discussed previously, are likely to
center around mechanisms surrounding car-
diotropic effects of ACE2 receptor binding
domain of spike protein versus the inflamma-
tory storm induced in some patients suffering
COVID-19 infection [17, 37].

Challenging this inclination are studies such
as those performed by Joy and colleagues [29].
They found that when comparing mild
seropositive infections 6 months following
onset to seronegative controls, CMR abnormal-
ities were no more likely in the mild COVID
infections compared to healthy controls. It is
important to note that this cohort included
mild or asymptomatic COVID infections found
in healthcare workers, which may limit appli-
cability. Studies such as these lead to the sus-
picion that mild COVID infection has reduced
cardiac pathology 6 ? months following infec-
tion, but this cannot yet be applied to more
severe infection or at a shorter follow-up
window.

VACCINATION

The rapid development of vaccines against
SARS-CoV-2, done with rapid scientific
advancement and equally impressive effective-
ness, was a true marker of great scientific
achievement for the ages. In terms of vaccine
safety, multiple large-scale studies have proved
that the RNA-based vaccines currently available
are widely safe and side effects primarily con-
sistent of local symptoms and low-grade, short-
term systemic symptoms [78] [79]. Case series of
patients experiencing vaccine-associated
myocarditis have found that this feature is

exceedingly rare, and as yet has not shown
lasting morbidity nor mortality [80, 81]. While
vaccine protocols continue to develop, SARS-
CoV-2 has undergone different mutations that
have led to some instances of breakthrough
infection. Specifically, changes in the spike
protein in new variants have led to variations in
vaccine protection [78]. A primary feature of
vaccination, however, has been its ability to
protect against severe disease. A recent study
published in January 2022 by the Overcoming
COVID investigators have shown that full vac-
cination provides 91% vaccine effectiveness
against MIS-C. Of 102 MIS-C patients over 24
hospital, only five were fully vaccinated.
Importantly, no patients that were fully vacci-
nated required mechanical ventilation, vasoac-
tive support or ECMO support [82]. This
protection has similarly been seen for severe
COVID-19 in the adolescent vaccinated popu-
lation [83].

CONCLUSIONS

We review the current clinical and imaging
findings surrounding cardiac involvement in
the pediatric patient with COVID-19. At pre-
sent, the mechanism of cardiac involvement in
this rare subset of patients remains unclear.
However, many studies highlight that there
does appear to be cardiotropic effects of SARS-
CoV-2 in some patients. Cardiac involvement in
the hospitalized COVID-19 patient portends
worse clinical outcome. The time of highest
‘‘cardiac involvement’’ risk, the degree of
involvement, long-term sequelae and manage-
ment recommendations all remain unclear. As
has been seen for different aspects of this virus,
the novelty and severity have created more
questions than they have answered. The recent
Omicron variant surge in the US and through-
out the world is in the early stages, and as of this
writing the literature regarding imaging chan-
ges with this new variant is lacking. It is possible
that the perceived less-severe illness in
B.1.1.529 (Omicron) variant may portray less
risk of cardiac involvement and/or MIS-C,
however this has yet to be studied.
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With the paucity of long-term cardiac data,
we recommend consideration of advanced
imaging for pediatric patients with cardiac
symptoms and/or elevation of cardiac serum
biomarkers. Further testing such as strain
deformation, as of this writing, has not shifted
into consistent clinical use. Future research may
identify ways to make this transition. Longer-
term follow-up will equally be recommended
for patients with positive findings in the afore-
mentioned studies. The goal should remain to
provide comprehensive and safe care for
patients actively ill and those recovering from
this infection.
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