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Abstract

The new coronavirus disease outbreak in 2019 (COVID-19) represents a dramatic challenge for healthcare systems worldwide.
As to viral tropism, lungs are not the only COVID-19 target but also the heart may be involved in a not negligible percentage of
the infected patients. Myocarditis-related cardiac dysfunction and potentially life-threatening arrhythmias are the main after-
maths. A few studies showed that myocardial injury in adult patients is often linked with a fatal outcome. Conversely, scientific
evidence in children is sparse, although several reports were published with the description of a cardiac involvement in COVID-
19 paediatric patients. In these young subjects, a background of surgically treated congenital heart disease seems to be a

predisposing factor.

Conclusion: This systematic review is aimed at summarizing all COVID-19 cases with a cardiac involvement published in
paediatric age and trying to explain the underlying mechanisms responsible for COVID-19-related myocardial damage.

What is Known:

* Coronaviruses proved to be able to jump from animals to humans.

* The outbreak of COVID-19 started from China (Dec 2019) and became pandemic.

What is New:

* Even in childhood, COVID-19 is not without the risk of cardiac involvement.

* Myocarditis, heart failure, and arrhythmias are among the possible manifestations.
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ECG Electrocardiogram

MRI Magnetic resonance imaging
Introduction

The outbreak of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), which is responsible for the so called
coronavirus disease, started from December 2019 (COVID-
19), in Wuhan, province Hubei, China. Since then, COVID-
19 has been spreading abruptly all over the world with scary
consequences for global health. That is the reason why it was
declared as pandemic since 11 March 2020.

COVID-19 main target are airways and lungs. It is spread
by human-to-human transmission via airborne droplets or di-
rect contact. Up to 14 days are required for its symptoms to
appear. In a vast majority of the patients (80-85%), symptoms
can be mistaken for those of flu or cold, with loss of smell and
taste, sneezing, cough, fever, and shortness of breath.
However, a not negligible percentage of those who are infect-
ed (15-20%) present severe or critical symptoms, i.e. with
pneumonia and severe acute respiratory distress, which can
get worse even in a very short time (hours). Bilateral lung
involvement with ground-glass opacity is the most common
finding from computed tomography images of their chest [1].

COVID-19 seems to be less aggressive in paediatric pa-
tients and related symptoms milder than in adults. The most
common symptoms in children are mild fever, cough,
rhinorrhoea, and sore throat. Gastrointestinal symptoms like
vomit and diarrhoea are possible as well [2].

In a recent Chinese report, a cardiac involvement was de-
scribed in 12% of adult patients [3], while in another study
from the same country arrhythmias and myocardial injury
were reported in 16.7% and 7.2% of them [4].

Purpose of the review

This systematic review was aimed at identifying the link be-
tween COVID-19 and cardiac involvement in paediatric age.

Research strategy

Pubmed/Medline, Scopus, and Web of Sciences databases
were searched electronically from their inception up to 16
April 2020 utilizing Boolean operators and combinations of
word variants for “coronavirus” or “COVID-19” or “severe
acute respiratory syndrome” or “SARS-CoV-2" and “paediat-
ric,” “children,” “heart,” “cardiac,” “cardiovascular,” and
“pregnancy.” The search and selection criteria were restricted
to English language (at least the abstract).
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Other sources

Reference lists of the identified papers and relevant
manuscripts were examined. Emails were sent to the
authors of the above articles for further information
when needed. Five reviewers were calibrated for the
identification of eligible studies (Bassareo PP, Neroni
P, Sanna G, Serrau G, and Marcialis MA) by a sixth
reviewer (Fanos V) through successive stages of quintu-
plicate independent screening among randomly selected
titles and abstracts in groups of five, until a complete
intra-examiner agreement was obtained (k scores from
the first to the last calibration exercise: 0.82, 0.86,
0.93, and 1). A parallel, triple-blind screening procedure
of all titles and abstracts retrieved by the electronic
search was performed by the above stated five re-
viewers. The titles and abstracts were screened for sub-
ject importance. Studies that were not definitively ex-
cluded on the basis of abstract information were also
selected for full-text screening. The reviewers examined
the full text of all relevant researches to evaluate the
possibility of inclusion. In the case of disagreement
over study inclusion, a discussion was held with the
sixth reviewer (Fanos V) to reach an agreement.
Studies were eligible for inclusion on meeting the fol-
lowing criterion: all studies concerning cardiac involve-
ment in children with COVID-19 with no limitation on
the period of publication. The criteria of exclusion were
as follows: (i) studies not focused on the topic selected,
(i1) papers in a language other than English, (iii) dupli-
cates, and (iv) studies not available from libraries for
full-text assessment.

Data extraction

Five reviewers (Bassareo PP, Neroni P, Sanna G, Serrau G,
and Marcialis MA) independently extracted data using a struc-
tured form specifically developed for this review. The follow-
ing information was extracted from each included study: au-
thors, year of publication, type of paper, cardiovascular in-
volvement in the setting of newborns, and/or children suffer-
ing from COVID-19 infection. Any discrepancy that occurred
during data extraction was solved by consensus or discussion
with the sixth reviewer (Fanos V).

Data synthesis

As this systematic review included heterogeneous study de-
signs and sources, the results and key information obtained
were summarized by means of a narrative approach.
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Results of literature search

The literature search yielded a total of 187 primary studies, of
which 96 (56 duplicates) were excluded following the screen-
ing of the title and abstract. Ultimately, 91 studies were in-
cluded for full-text assessment based on a relevant title and
abstract. A total of 68 were excluded as they failed to meet
general inclusion criteria, and 3 were not available from online
libraries. As a result, 20 studies met the inclusion criteria, and
an additional 26 papers were included after checking the ref-
erences of the relevant selected reviews and studies. A flow
diagram of the study selection process is presented in Fig. 1.

The characteristics and demographic features of the studies
focused on a cardiovascular involvement in COVID-19 affect-
ed children are summarized in Table 1.

Scientific evidence

Data relating to COVID-19 in paediatric age are still quite
sparse, and few severe cases have been reported in children
so far. Notwithstanding children apparently are less prone to
develop severe symptoms of COVID-19; a cardiac involve-
ment was described in a few of them, thus showing that the
heart is a possible target of the disease at this age range as well.
In a recent report, the case of a 55-day-old female infant with
multiple organ damage, heart included, has been described.
Along with ground glass opacities at her lungs detected by
computed tomography, tachycardia (150—170 bpm) was de-
tected [5]. Not only, but at day 4th from admission, an in-
crease in troponin and cardiac enzymes was reported as well.
Since day 7th, however, the patient’s general conditions

Fig. 1 Flow chart of the study
selection process

improved and 3 days later troponin and cardiac enzymes nor-
malized along with respiratory distress.

In another small case series of eight severe or critically ill
patients infected by SARS-CoV-2, the case of a 13-month
male child who developed heart failure, septic shock, coagu-
lopathy, and multiple organ failure was described [6].

In adult patients, COVID-19-related mortality is higher in
those with pre-existing cardiovascular disease. The higher the
number of cardiovascular comorbidities, the higher and earlier
the mortality, as pointed out in the recent study by Madjid
et al. Factors associated with increased mortality included
male gender, elderly, and the presence of comorbidities such
as high blood pressure, diabetes, cardiovascular, and cerebro-
vascular diseases [7].

Similarly, COVID-19 clinical course is worse in children
with underlying conditions, including those previously treated
surgically for congenital heart disease, though no deaths were
reported to date [8]. Similar conclusions are in the study by
Xia et al. [9], since 7 children out of the twenty enrolled were
affected by a previous congenital or acquired pathology. In
particular, two of them survived previous surgery for atrial
septal defect closure. On balance, COVID-19-related virus
pneumonia in these children was mainly mild and, as to lab-
oratory findings, a rise in procalcitonin was detected in about
80% of them. Conversely, an increase of this protein is not
common in adults. A past medical history of congenital heart
disease, bronchopulmonary hypoplasia, respiratory tract ab-
normalities, haemoglobinopathies, severe malnutrition, and
immune system deficiency were considered as predisposing
factors for severe clinical manifestations of the disease in the
Chinese recent experience [10]. In another retrospective study
carried out in China and involving 25 children aged less than

187 studies were identified through database searching:

Pubmed/Medline; Scopus; Web of Science

96 studies were excluded after title and abstract screening (56 were duplicates)

91 papers included for further assessment

68 studies were excluded, since they failed to meet general inclusion criteria. Further 3 were not available from

20 studies included after full text analysis and 26 additional papers included fr

libraries

A 4

the references of first twenty

46 papers included in the review
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Therapy (yes/no) type of therapy

CV tests

CV symptoms or

Cardiovascular
involvement signs

Sex

Age

Country Patients (1)

Results of systematic review as to children and cardiovascular involvement
Study type

Table 1
Source

@ Springer

i.v. sodium creatine phosphate and

Troponin

Tachycardia

Yes

F

55 days

1

China

Case report

e Cui et al.

oxygen

(5]

¢ Sun et al.

Heart failure Non specific for  plasmapheresis and oxygen

Yes (in 1M)

6M/2F

2 m-15y

8

Retrospective  China

CV disease
Procalcitonin

coagulopathy
Abnormal ECG

study
Retrospective  China

(6]

¢ Xia et al.

NA

No (CHD was a risk

13M/7F

1d-14y7m

20

factor in 2/20)
No (CHD was a risk

study
Retrospective  China

[9]

* Zheng

Antiretroviral agents, corticosteroids,

Cardiac enzymes

No

14M/11F

3m-14y

25

i.v. immunoglobulin

NA

factor in 2/25)

No

study

etal. [11]

e Lietal

Cardiac enzymes

No

NA

dy

102 (only 2 of them

Retrospective  China

were children)

study
Retrospective  China

[17]

e Su et al.

Increase in cardiac Symptomatic and respiratory support,

Fever (in 2)

Yes (in 6)

11m-9y9M 3M/6F

9

inhaled interferon

NA

enzymes
NA

study
Retrospective  China

(18]

* Dong

Myocardial injury,

1208M/927F Yes (in 13)

0-18y

2135

heart failure

study

et al. [24]

Abbreviations: CV cardiovascular, M males, F' females, d days, m months, y years, CHD congenital heart disease, NA not available

3 years, the most aggressive COVID-19-related infection
was registered in two patients previously operated for con-
genital heart disease (not specified in the paper). These two,
with an age of 8 months and 1 year, respectively, were the
only patients who developed renal insufficiency and coagu-
lopathies. In addition, they were admitted to the intensive
care unit for mechanical ventilation owing to severe pneu-
monia and concomitant bacterial superinfection. At the time
the paper was released, one of the two patients had been
already discharged, while the second was still in hospital,
though improved from a clinical standpoint [11].

A rise in troponin above 99th percentile was observed in
8-12% of COVID-19 infected adults [12], most of all when
the infection was severe, as showed in the meta-analysis by
Lippi et al. [13]. In addition, troponin was higher in the
patients admitted to intensive care unit and in those deceased
than in subjects admitted to not intensive ward and survivors
[4, 14, 15]. Among the infected, a cardiac involvement can
be secondary to respiratory distress, in terms of right ventric-
ular failure development and congestion, or due to a direct
injury induced by SARS-CoV-2, as testified by a significant
increase in cardiac lesion biomarkers in these patients. The
first animal model supporting the hypothesis that the viruses
belonging to Coronavirus family were able to induce a myo-
carditis and congestive heart failure dated back to about
30 years ago [16].

In paediatric age, the role of troponin is by far less defined
than in adulthood, as very few specific studies were carried
out about this issue. However, data have been gathered
concerning a troponin [ increase as a marker of myocardial
injury in children as well [5, 17, 18].

Owing to COVID-19 outbreak, the American Heart
Association (AHA), in collaboration with the American
Academy of Pediatrics and other scientific societies, released
interim guidance to help rescuers to treat victims in case of
cardiac arrest in suspected or confirmed infected children.
The core message is highlighting the challenge represented
by making that patients with COVID-19 and cardiac arrest
receive the best possible chance of survival without
compromising the rescuers’ safety, since they will be needed
to care for future patients [19].

On February 2020, the American College of Cardiology
(ACC) released a bulletin highlighting the potential risk of
cardiac involvement in patients affected by COVID-19. The
ACC suggested a particular precaution in geographic areas
amid coronavirus outbreak. Advice as to preventive vacci-
nations against flu and pneumococcal infections were given.
In a more recent update on 6 March 2020, the ACC recom-
mended, when possible, that outpatient examinations in hos-
pitals should be replaced with telemetric monitoring and
online consultations [20].

In this specific setting, myocarditis is generally diagnosed
by means of clinics, ECG, rise in troponin/cardiac enzymes,
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and echocardiography. Given its wide availability at patients’
bedside, echocardiography plays a pivotal role among all car-
diac imaging modalities. On the contrary, cardiac MRI is dif-
ficult to perform, as COVID-19 young patients are often
intubated and this examination is time-consuming. However,
a short protocol for acute patients, including only steady-state
free precession sequences (for ventricular kinesis and volumes
quantification) and T2 mapping (for oedema detection), might
be theoretically feasible when using modern magnets that
have a reduced time of acquisition of images (i.e. magnets
with no less than 32 channels). In this respect, sequences with
late gadolinium enhancement should be reserved for the time
these patients are discharged from intensive care unit to post-
intensive ward. For the sake of safety, a minimum number of
persons should be involved (patient, radiographer technician,
and anaesthesiologist). Magnet and scan room should be care-
fully disinfected after each examination as well.

When making a comparison with adult patients, whose
myocardial involvement is sometimes correlated with the ap-
pearance of life-threatening arrhythmias such as ventricular
tachycardia and ventricular fibrillation, children with
COVID-19 share less harmful rhythm troubles, namely sup-
raventricular tachycardia, premature atrial and ventricular
complexes, first degree atrioventricular blocks, and incom-
plete right bundle branch block [9]. In a recent joint statement
from the Heart Rhythm Society, ACC Electrophysiology
Council, and AHA Electrocardiography and Arrhythmias
Committee it was pointed out that in the acute phase of severe
disease, hypoxia and electrolyte unbalance are not rare and
can trigger cardiac arrthythmias. Conversely, the exact mech-
anism responsible for arrhythmias development in COVID-19
children, who suffer from a less severe disease, is still uncer-
tain [21].

Interestingly, notwithstanding the concomitant pneumonia,
pulmonary hypertension at cardiac right side was not reported
as one of main characteristic of the disease in children [22].

Regarding imaging, COVID-19 pandemic is leading to
new and unpredictable challenges, since it is increasing the
pressure on cardiac imaging services in general. That is the
main reason why the European Association of Cardio-
Vascular Imaging (EACVI) released its recommendations on
precautions, indications, prioritization, and protection for pa-
tients and healthcare personnel involved in imaging during
COVID-19 pandemic [23]. The risks linked with the shortage
of personnel—because of sickness or redeployment in priori-
tized areas, such as intensive care units—and the
periprocedural transmission of COVID-19 between patients
and staff were stressed. Three key-messages were released to
highlight that (1) in subjects with suspected or confirmed
COVID-19, cardiac imaging should be performed if appropri-
ate at patient’s bedside and only if doing so is likely to sub-
stantially improve his/her management or be lifesaving; (2)
the risk of spreading infection involves staff, equipment, and

facilities; and (3) the longer the time required for imaging, the
higher the infective risk. In this respect, just a focused echo-
cardiographic study is suggested to shorten the time of expo-
sure. In addition, cardiac MRI should be done only when it is
of vital importance for treatment, and the patient can be safely
moved for scanning. Since chest computed tomography is
often used to confirm SARS-CoV-2-induced pneumonia, it
might provide possible synergies and opportunities of cardiac
imaging. Indications for foetal echocardiography are the same
as before the COVID-19 outbreak.

On balance, the COVID-19 pandemic has forced to recon-
sider how performing cardiac imaging and minimizing the
risk of cross-infection for imagers and patients [23].

A specific diagnostic algorithm was suggested for COVID-
19 children with suspected cardiovascular involvement [24].
See Fig. 2.

Currently, there is no clinical evidence of vertical transmis-
sion from women with a confirmed coronavirus-related illness
to their offspring [25]. When the latter are symptomatic at
birth, they are more likely to suffer from prematurity, asphyx-
ia, and sepsis, rather than SARS-CoV-2 infection [26].

Pathophysiology

Pathophysiology of myocardial injury caused by SARS-CoV-
2 is still unknown, though a few theories were hypothesized.
The first is related to a direct myocardial injury, similar to that
previously documented in patients with SARS caused by an-
other coronavirus in 2005, when viral RNA in cardiac muscle
cells was found 35% of the infected subjects [27]. The specific
mechanism underlying SARS-CoV-2 replication in
cardiomyocytes is still under debate, in spite of seeming sim-
ilar to that of SARS coronavirus [28, 29]. In this respect,
recently, it was hypothesized that SARS-CoV-2 may enter
myocardial cells simply by binding type 2 angiotensin-
converting-enzyme (ACE) receptors on their surface
[30-33]. In this respect, those patients taking angiotensin-
converting-enzyme inhibitors and angiotensin II receptor
blockers (ARB), which inhibit type 1 angiotensin-
converting-enzyme receptors while cause an overexpression
of type 2, might be at higher risk of cardiac involvement in
COVID-19 infection [34]. However, a couple of ongoing tri-
als were recently put in place to rebut this theory [35]. Even
though the current health situation is unstable and updates are
released almost on a daily basis, the general agreement so far
is that patients on such medications should keep on taking
them unless there is a clinical indication to stop their use
[36]. In comparison with adults, children might be less sus-
ceptible to COVID-19 infection because of a reduced function
of angiotensin-converting-enzyme type 2 receptors [37]. In
addition, paediatric patients are rarely taking angiotensin-
converting-enzyme inhibitors and angiotensin II receptor
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Fig. 2 Specific diagnostic
algorithm suggested for COVID-
19 children with suspected
cardiovascular involvement

blockers and it may explain why children are affected in a
milder way than adults [38].

A second possible mechanism is represented by hypoxia,
which was identified in 32% of the sample by Huang et al. [3].
In another study, about 76% of the infected patients required
oxygen therapy [39]. Pneumonia caused by SARS-CoV-2
may alter alveolar gas exchanges with consequent hypoxia,
activate anaerobic metabolism causing metabolic acidosis,
and induce oxygen free radical production, thus destroying
phospholipid bilayer of myocardial cell membranes. Taken
together, all these mechanisms can cause myocardial injury,
because of a substantial imbalance between oxygen demand
and its availability [40]. In addition, hypoxia itself may cause
calcium ions streaming into cardiomyocites, which in turn is
responsible for their apoptosis [41].

Inflammation may play a crucial role in myocardial injury
as well. COVID-19 patients have increased levels of inflam-
matory molecules IL-13, IFN-y, IP-10, MCP-1, and lympho-
cyte Th1 activation. Furthermore, inflammatory markers were
higher in patients admitted to intensive care unit than in those
suffering from less severe forms of the illness [3].

Lastly, even certain antiviral drugs and medications used to
prevent from an excessive immune system reaction may dam-
age the heart in these patients, with the appearance of heart
failure and arrhythmias. Mechanical ventilation in critically ill
children is another possible cause of cardiovascular adverse
effects, such as a decrease in cardiac output due to decreased
venous return to the right heart, right ventricular dysfunction,
and impaired left ventricular distensibility [40, 42]. There is
no doubt that an in-depth knowledge of the pathogenetic
mechanisms underlying myocardial damage in children with
COVID-19 may help to identify those at increased risk, thus
expediting their early treatment.

Along with the reduced number and function of
angiotensin-converting-enzyme type 2 receptors on
cardiomyocytes, other reasons may contribute to explain
why children infected with COVID-19 are relatively few to
date and their symptoms decidedly mild. In fact, their main
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clusters of infection are their adult families. When jumping
from an individual to another, RNA viruses like coronavirus
have a tendency to mutate and make mistakes in replication,
with a consequent decline in their virulence [18, 24]. So, chil-
dren are infected with second or third or even fourth genera-
tion virus and they get milder symptoms. Furthermore, the
innate immune response, which is the first response against
foreign pathogens, is by far more active in children.
Conversely, the adaptive immune system learns to recognize
specific pathogens but takes longer to be activated [18, 24].
Other coronaviruses, such as that responsible for SARS, had a
similar behaviour. In children, inflammatory cytokines are
less activated than they usually are in adults. Finally, children
smoke less and have strong self-healing capabilities [18, 43].

Treatment mainly depends on adult patients’ clinical
experience due to few cases in children. There is no
specific drug treatment for COVID-19. Owing to the
lack of a specific vaccine against SARS-CoV-2, only
symptoms are treated. Transfusion of blood plasma from
healed patients may help the still infected to get over
the illness. Some of the administered drugs (inotropes,
antivirals, antibiotics, hydroxychloroquine, colchicine,
azathioprine, and so on), especially when taken in com-
bination therapy, may cause a QT tract prolongation at
baseline ECG, which is a well-established marker of
potential development of ventricular arrhythmias
[44-46].

Conclusions

Previous studies about the pneumonia outbreak caused by
SARS-CoV-2 were mainly based on information from adult
populations. Limited data are available for children with
COVID-19, especially for infected infants. However, evi-
dence is accumulating rapidly, so these data are likely to be
updated soon.
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In addition, the vast majority of published data come from
China. Further information from other countries involved in
COVID-19 outbreak are probably on the way.

Even though COVID-19 infection in childhood is less
common and with milder symptoms than when occurring in
adult patients, it is not without the risk of cardiac involvement,
especially in the patients with a background of congenital
heart disease. In newborns and children, previous cardiac sur-
gery is related with the risk of a more severe form of the
disease, being admitted to intensive care unit, and needing
intubation as well as mechanical ventilation. In addition, con-
versely to adulthood, the role of troponin in identifying and
quantifying myocardial damage is less definite, because of the
small number of studies addressing this issue. Newborns and
children are likely to be less susceptible to COVID-19 for
reasons such as the reduced function of angiotensin-
converting-enzyme type 2 receptors.

On balance, further studies should be carried out in order to
more in-depth understand the aftermaths of COVID-19 forms
acquired during paediatric age. A tight follow-up is needed in
these young individuals [46].
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