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The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection caused worldwide health problems, and
coronavirus disease 2019 (COVID-19) was declared a pan-
demic by the World Health Organization in March 2020. Car-
diovascular complications of COVID-19 are not uncommon;
among them, arrhythmia is considered a significant risk fac-
tor for poor health outcomes in adults. However, data are
scarce on the arrhythmia of pediatric patients with SARS-
CoV-2 infection, possibly due to their mild symptoms and low
incidence of cardiovascular involvement. Multisystem inflam-
matory syndrome in children reportedly features increased
cardiovascular involvement, but arrhythmic complications
remain unidentified. Thus, here we review the epidemiology,
manifestations, and outcomes of pediatric arrhythmia associated
with COVID-19.
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Key message

- Pediatric patients have a relatively low incidence of tachyarrhy-
thmia both in acute coronavirus disease 2019 and multisystem
inflammatory syndrome in children (MIS-C), but it was
associated with an increased risk of poor outcomes.

- Conduction abnormalities were not uncommon, especially
in those with MIS-C. Most patients recovered to normal
sinus rhythm; however, some progressed to advanced atrio-
ventricular block and rarely required permanent pacemaker
implantation.

Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease
caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2). The rapid spread of the disease resulted in a
global pandemic with 634 million confirmed cases and 6.6
million deaths reported as of late November 2022 by World
Health Organization (WHO)." Its clinical presentation ranges

from asymptomatic to mild to severe respiratory illness, while
its systemic complications include cardiovascular involvement.
Its cardiovascular complications include acute myocarditis,
pericarditis, vasculitis, heart failure, venous thromboembolism,
and arrhythmia, all of which are associated with increased
mortality in adults.> Children generally have milder symptoms
than adults, but severe pediatric cases have been described.?)
Furthermore, multisystem inflammatory syndrome in children
(MIS-C) with the feature of Kawasaki disease and toxic shock
syndrome is a severe postinflammatory complication of SARS-
CoV-2 infection reported mainly in children and adolescents.”
Arrhythmia is among the critical cardiovascular complications
reported in 18%-44% of adult patients.*>'%') However,
there have been only a few reports of arrhythmia in pediatric
patients, possibly related to the lower complication rates and
milder disease course in this population. Therefore, the charac-
terization, clinical course, and outcome of arrhythmia in the
pediatric population have not been entirely clarified. This review
aims to present the current state of knowledge and summarize
the literature on arrhythmia associated with COVID-19 in
pediatric patients.

Mechanism of cardiovascular complications
of COVID-19

Coronaviruses are large and enveloped viruses with single-
stranded RNA. While human coronaviruses cause common
cold-like respiratory illnesses, SARS-CoV from China during
2002-2003 and Middle East respiratory syndrome coronavirus
from the Middle East in 2012 and 2015 made outbreaks with
increased fatality rates of 9.6% and 36%, respectively.!>!3 These
viruses manifest not only mild respiratory symptoms but also
severe illnesses such as acute respiratory distress syndrome and
end organ damage.

SARS-CoV-2 utilizes human angiotensin-converting enzyme 2
(ACE2) as a host surface cellular receptor for virus entry similar
to SARS-CoV.5,10) SARS-CoV-2 has a surface-located spike
glycoprotein that includes a receptor-binding domain that is
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SARS-CoV-2
Infection in children

Acute COVID-19

Mechanisms

* Hypoxia due to respiratory
failure

* Myocarditis

Myocardial ischemia
* Myocardial strain due to
pulmonary hypertension
« Electrolyte imbalance
+ Drug side effect

« Abnormal immune response

Symptomatic or asymptomatic ([ R v\7

* Arrhythmia
1. Tachyarrhythmia

-Ventricular tachycardia

-Ectopic atrial tachycardia
(sustained/nonsustained)

-Atrial fibrillation

-Atrial flutter

- Relatively low incidence of

tachyarrhythmia both in acute COVID-19

and MIS-C in children

- Conduction abnormalities are not

uncommon complications, especially in

patients with MIS-C.

-Accelerated junctional rhythm

2. Bradyarrhythmia
or Conduction abnormalities

-First-degree AV block
-Second-degree AV block
(type | and type II)
-Complete AV block
-Bundle branch block

« ECG abnormalities
* Premature atrial/ventricular beats
+ QT prolongation

Graphic abstract. Arrhythmia associated with SARS-CoV-2 infection in pediatric patients.
SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; COVID-19, coronavirus disease
2019; MIS-C, multisystem inflammatory syndrome in children; AV, atrioventricular; ECG,

electrocardiogram.

responsible for membrane fusion followed by endocytosis into
target cells.'” ACE2 expression is tissue-specific with distribution
in the heart, intestines, kidneys, testes, and respiratory system,
suggesting a correlation with extrapulmonary involvement. !5
Once the virus infects cells in the respiratory tract, viral replica-
tion and circulation can occur, leading to cardiac uptake and
replication of the virus."” ACE2, together with ACE, plays a
vital role in blood flow and volume via the renin-angiotensin
system. ACE2 mRNA expression is upregulated in patients
with heart failure, making those individuals more susceptible
to SARS-CoV-2 infection and possibly explaining their worse
outcomes.'®

The proposed mechanisms of myocardial injury include direct
ACE2-mediated injury, hypoxia-induced injury from respiratory
failure, microvascular thrombosis, and systemic inflammatory in-
jury from an exaggerated immune response, including cytokine
storm.’ A reported 20%-30% of patients with COVID-19
showed elevated cardiac biomarkers such as troponin and B-type
natriuretic peptide in the acute phase, suggesting that direct myo-
cardial injury is not uncommon, especially in moderate to severely
ill patients and non-survivors. %22V Elevated cardiac biomarkers
are associated with COVID-19 severity and independent predic-
tors of mortality. Cardiac magnetic resonance imaging has shown
myocardial edema, impaired ventricular function, and myocar-
dial fibrosis even after recovery from COVID-19.") In cardiac
autopsies, chamber dilatation, lymphocytic myocarditis, focal

pericarditis, endocardial thrombosis, and small vessel thrombosis
have been reported. Thus, SARS-CoV-2 may directly damage
infected cardiac cells with inflammation, triggering severe cellular
pathology and organ dysfunction.'”

Cardiovascular involvement of SARS-CoV-2 in
children

Children infected with SARS-CoV-2 generally have mild
symptoms, with reported mortality rates of <0.190.%222) A
significant number of children (15%-42%) are asymptomatic,
whereas 18%-57% require hospitalization.”*” Typical symp-
toms and signs include fever (40%-64%), cough (33%-56%),
fatigue, tachypnea, nasal congestion, feeding difficulty or intole-
rance, shortness of breath, sore throat, and headache.”>?®
However, severe cases requiring intensive care unit (ICU) admis-
sion have also been reported. In a European multicenter study
of 582 individuals <18 years of age with polymerase chain
reaction (PCR)-confirmed COVID-19, 8% of study participants
required ICU admission, 4% required mechanical ventilation,
3% required inotropic support, and 1% required extracorporeal
membrane oxygenation (ECMO) support.”® A meta-analysis
by Sumner et al.® demonstrated that, among 973 hospitalized
school-aged patients, 10.1% required ICU admission, 4.2% had
a severe outcome, and 1.1% (95% confidence interval, 0.2%—
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2.39%) died.

Cardiovascular involvement in children can occur in the
setting of acute SARS-CoV-2 infection and post-infectious
MIS-C.39 During acute COVID-19 in children, cardiovascular
complications are rare. Only a few case reports or case series

have reported myocarditis, pericarditis, cardiogenic shock, and
arrhythmia 3139

Cardiovascular involvement in children with
MIS-C

MIS-C is characterized by hyperinflammatory shock syn-
drome with multiorgan involvement in previously asymptomatic
children with SARS-CoV-2 infection and was first reported
in case series in the United Kingdom in April 2020. It showed
similar features of atypical Kawasaki disease, Kawasaki disease
shock syndrome, or toxic shock syndrome.” Subsequently, si-
milar cases began to be reported in series.>*3¢ The United States
Centers for Disease Control and the WHO termed this syn-
drome MIS-C.3738 It is also called pediatric inflammatory multi-
system syndrome temporally associated with SARS-CoV-2.3?
Among the pediatric patients with PCR-confirmed SARS-CoV-2
infection in an Australian multicenter study, 1.3% had MIS-C.

MIS-C reportedly occurs 26 weeks after COVID-19 symp-
tom onset or contact with infected individuals.?**4? Cardiac
involvement in MIS-C occurs in up to 80% of patients.*?) Ad-
ditionally, cardiogenic or vasodilatory shock is present in
37%-60% of MIS-C patients.”** Half of one population
of patients had reduced left ventricular (LV) ejection fraction
on echocardiography, while 9%-17% developed coronary
artery dilatation or aneurysm.”3%#46) Myocarditis, valvular
regurgitation, and pericardial effusion have also been identified.
Arrhythmias or electrocardiographic abnormalities are com-
mon, reported in up to 60% of patients.>>*”*% Qutcomes are
generally positive, with a resolution of inflammatory and cardiac
abnormalities within 1-4 weeks. However, 0.3%-5% of patients
received ECMO support, while 0%-2% of patients, most of
whom were previously healthy individuals, died.%3%:43:46:48:50)

Arrhythmia in children with COVID-19 or MIS-C

Arrhythmia, reported in 18%-44% of adult patients with
COVID-19, is associated with worse clinical health outcomes.
4510115 Among them, the majority (82%) developed atrial
arrhythmias, 21% developed ventricular arrhythmias, and 23%
had bradyarrhythmia.!V Potential mechanisms of arrhythmia are
hypoxia due to direct viral involvement in the lung, myocarditis,
an abnormal host immune response, myocardial ischemia,
myocardial strain due to pulmonary hypertension, electrolyte
derangements, intravascular volume imbalances, and drug-
related side effects.’? Arrhythmias are likely not only a direct
effect of viral infection but also a complication of systemic

illness.>"

The incidence of arrhythmia associated with SARS-CoV-2 in
children is much lower, with only a few case series or case reports
to date. Tachyarrhythmia in pediatric patients was reported at
a rate of 0%-17%, albeit some studies did not specify the type
of arrhythmia and included isolated premature ventricular/
atrial complexes.?>#47:48:53:59 On the other hand, multicenter
studies reported the incidence of tachyarrhythmia as 1.7%—
1.89%04.39 Variations in the incidence of arrhythmia may exist
among studies because measures depend on the included patient
population, such as hospitalized patients, public surveillance, or
PCR-confirmed SARS-CoV-2 patients. Moreover, monitoring
methods, such as 12-lead electrocardiography and continuous
telemetry, may influence the variations. Published articles on
tachyarrhythmia in children are summarized in Table 1; these
include only those that demonstrated specified types of arr-
hythmia as well as their management, clinical details, and
outcomes. Data for the patients with isolated premature atrial or
ventricular complex and studies lacking descriptions of specific
types of arrhythmia were omitted.

Samuel et al.’ reported that 6 patients (17%) among a sample
of 36 hospitalized pediatric patients with acute COVID-19 had
tachyarrhythmia on continuous telemetry; 5 had nonsustained
monomorphic ventricular tachycardia (VT), and one had sus-
tained atrial tachycardia. None had bradyarrhythmia. Among
the 6 patients, 4 had underlying disease such as sickle cell anemia,
hematologic malignancy, and Bloom syndrome. Two had mild to
moderate LV dysfunction and 4 had normal LV systolic function.
All arrhythmias were self-limiting, but amiodarone in one and
beta-blockers in 2 patients were used for prophylactic purposes.

Most of the reported cases showed a benign disease course
or complete recovery with timely and aggressive treatment.
However, mortality in pediatric patients with tachyarrhythmia
has been reported, and large multicenter studies demonstrated
that tachyarrhythmia was associated with poor outcomes.’®%)
Using a public health surveillance registry of 63 hospitals in the
United States, Dionne et al.>® showed the characteristics and
outcomes of tachyarrhythmia in patients aged <21 years and
hospitalized with acute COVID-19 or MIS-C. Twenty-two of
1,257 patients (1.8%) with acute COVID-19 and 41 of 2,343
patients (1.7%) with MIS-C had tachyarrhythmia, including
supra VT (44%), accelerated junctional rhythm (14%), and
VT (60%). Among them, 8 (13%) required cardiopulmonary
resuscitation, while 9 (14%) required ECMO support because
of refractory tachyarrhythmia. Patients with tachyarrhythmia
were older and more frequently required mechanical ventilation
and ECMO support. They also had higher illness severity on
hospital admission, a longer hospital length of stay, and higher
mortality rates (14% vs. 2%, P<0.001). Among the patients with
tachyarrhythmia, those with acute COVID-19 showed higher
mortality rates than those with MIS-C (7 of 22 [32%)] vs. 2 of 41
[5%], P=0.006). Although tachyarrhythmia rarely develops in
pediatric patients based on the large population data, it may have
a substantial clinical impact and require close monitoring and
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aggressive treatment. Arrhythmia can increase an individual’s ~ MIS-C.5%%%¢0 MIS-C usually presents several weeks after a
risk of death by deteriorating their clinical condition, while  viral infection, and a dysregulated inflammatory response is
tachyarrhythmia can reflect a severe underlying cardiac and  the presumed pathophysiology.*? Therefore, inflammation of
respiratory condition. conduction tissue and edema adjacent to the AV nodal or His-
Conduction abnormalities associated with SARS-CoV-2 (e.g.,  Purkinje system can be assumed to contribute to the conduc
first-degree atrioventricular [AV] block, second-degree AVblock,  tion abnormalities. Coronary insufficiency to the AV node and
complete AV block, sinus bradycardia, and bundle branch block) ~ other conduction systems is also a possible mechanism. Con-
are more common complications than tachyarrhythmia in  duction abnormalities such as sinus bradycardia and bundle
children. Table 2 shows the clinical characteristics, management,  branch block reportedly developed after the administration of
and outcomes of the patients reported in the literature. Bra-  anti-inflammatory drugs during admission in some patients,
dyarrhythmia was reported in 16%-20% of patients with  suggesting drug-related bradyarrhythmia as one etiology.>”

Table 1. Summary of studies of patients with tachyarrhythmia

Management
Clinical detail (for antiarrhythmia® Outcome Study type  Country
+COVID-19 treatment)

Samuel Median 6/36 Nonsustained Acute COVID-19 No previous LV dysfunction (2), All hemodynamically Self-resolving, Observation New York,

Condition related ~ Underlying

Study Age(yr)  No. Arrhythmia t0 SARS-CoV-2 discase

etal > age, 145 (17%) monomorphic (6), acute myo- heartdisease large pericardial tolerated and seflHmit- no mortality ~ study USA
2020 yr (range, VT (n=5), sus- carditis (2) effusion (1), nor-  ed arrhythmia.prophy-
November 12-20yr) tained AT (n= mal LV function (4) lactic antiarrhythmic

1) drug: amiodarone (1),
beta-blocker (2). Hy-

droxychloroquinetazi-

thromycin

Cantarutti  Totalcohort 3/294 Nonsustained Acute COVID-19 NA NA Not requiring emer- All patients re- Multicenter Rome,
etal® mean, 9 (1%) VT (2),AF(1)  (248),MIS-C (46) gency treatment for covered. observation ltaly
2021 59 arrhythmia. IVIG, cor- study
August ticosteriod, anakinra

in most severe pa-
teints.

Dionne Median, 63/ SVT (28, 44%): Acute COVID-19 More patients Severe LV dysfunc- No intervention (41%), 9/63 (14%) died. Multicenter ~ USA, mul-
etal® 15.4yr 3,600 reentrant SVT (22/1257,1,8%), with underly- tion (31%), more Antiarrhythmic medi- 22% were dis- ticenter
2022 (range,  (1.8%) (2), ectopic AT MIS-C(41/2343, ingheartdis- respiratory support cation (49%), electri- carged with

10.4- (10), AFL (8), AF  1.7%) easeinacute  (81%), more vaso- cal cardioversion (17 medication.
17.4yr) (9), accelerated COVID-19 pressor require- %), CPR (13%), ECMO

junctional rhy- ment and ECMO (14%)

thm (9, 14%),

VT (38, 60%)

Tseng 5 1 Monomorphic  Acute COVID-19, Previously Cardiogenic shock, Cardioversion, lidoca- Complete reco- Casereport ~ Michgan,
etal”® VT fulminant myo- healthy biventricular dys- ine, amiodarone = no very and dis- USA
2021 carditis function effect, VA ECMO on charged
March HD 4

Kohli 15 1 AF Acute COVID-19, Previously Severe LV dysfunc- Initropics, IVIG, steriod, NSR, normaliz- Casereport  Chicago,
etal®” fulminant myo-  healthy tion, cardiogenic anakinra, cardiover- ed LV function, USA
2022 carditis shock - milrinone,  sion followed by amio-  no recur, dis-

epinephrine, AF on  darone for AF - no charged
HD2 recur

Hopkinsand 9 Days, 1 SVT Acute COVID-19  Normal heart.  Orthodromic SVT Transesophageal over- No recur of SVT, Casereport  Chicago,
Webster®”  newborn mother had with aberrancy. driv ing, oral pro-  discharged USA
2021 April acute COVID- ~ NormalLV function  pranolol 2 mg/kg/day

19

Whittaker  NA 4/58 Broad complex MIS-C Most were (1) A patient with For the total cohort: NA Multicenter England
etal? (6.9%) tachycardia (n previously wide complex ta- inotropics in 47%, IVIG observation
2020 =1), AF (n=1), healthy (88%)  chycardia = low in 71%, steroid in 64 study
June second-degree cardiac output- = %, Anakinra in 5%,

AVB (n=1), and ECMO, (2) apatient  and infliximab in 14%,
first-degree with AF — amioda-  supportive care alone
AVB (n=1) rone, (3) a patient  in 22%

with 2nd degree

AVB NSR

Riollano- 14 1/15 VT, QT prolon- MIS-C NA Mild LV dysfunc- Inotropics, amiodarone Recovered LV Obsrvasion ~ New York,
Cruz (6.7%) gation tion 48% not specified for the function, dis- study USA
etal®? management of arr-  charged on HD
2020 hythmia), lidocaine, 13
June anakinra, tocilizumab,

remdesivir

Continued
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Table 1. Summary of studies of patients with tachyarrhythmia (Continued)

Management
- . : -

Study Age(yr)  No. Arrhythmia Cigiﬂ;g_rgloa\fs Uziee!\;:g Clinical detail e irg:tg\;lrgﬁgmm Outcome Study type  Country

treatment)

Clark Total cohort  6/55  CAVB (n=3), tran- MIS-C Previously All had decreased IVIG, steroid. Not spe- cAVBnormalized Multicenter Interna-
etal* mean 7+ (11%) sient 2nd AVB, healthy LV EF (27%-55%) cified for the antiarr- within 2 weeks, observation tional
2020 52 sinus pause, 1 hythmic therapy Other arrhtyh-  study (USA, UK,
September st degree AVB, mia out comeis spain,

and VT (1) not described pakistan)

Santi 17 1 AF, nonsustain- MIS-C Previously Hypotensive = nor- AE on HD 3 = DC car- Recovery, dis- Casereport Califonia,
etal® ed VT healthy mal saline and ep-  dioversion, recurrence  charged home USA
2020 nephrine. Normal of AF - cardioversion onHD 16
October heart function, no and amiodarone, ana-

pulmonary hyper-  kinra, IVIG, methylPd
tension

Regan 6 2/63 Nonsustained MIS-C NA Asymptomatic No treatment Live Observation London,
etal® (3.2%) ectopic AT study UK
2021 14 Ectopic AT with MIS-C NA Cardiogenic shock ECMO supportandrate Died following

RBBB - ECMO control with amioda-  complications
rone — died following  from the ECMO
complications from the  support
ECMO support

Tomlinson 13 1 Accelerated idio- MIS-C Previously Normal LV EF, hypo- No antiarrhythmic drug. Normal sinus Casereport  Virginia,
etal ventricular rhy- healthy tension — epineph-  IVIG rhythm on dis- USA
2021 thm, sinus node rine. Sinus node charge, HD 9
March dysfunction dysfunction, idio-

ventricular rhythym
- HD2, sinus ta-
chycardia with left
axis deviation

Schneider 6 1 VT MIS-C Previously LV dysfunction, car- VA ECMO, IVIG, steroid, Complete reco- Caseseries ~ Michgan,
etal® healthy diogenic shock, tosilizumab, and re- very and dis- USA

2022 brief cardiac arrest  mdesivir charged

VT - VAECMO

15 1 VT MIS-C TIDM Severe both ventri- VA ECMO, IVIG, steroid, Decanulated
cular dysfunction > infliximab, and remde-  after 4 days of
cardiogenic shock  sivir ECMO. Discha-
and development rged
of VT

Simpson 18 Years 1 VT Acute COVID-19 HCM, obesity, Preserved biventri- Defibrillation, infusion Death d/t recur- Caseseries  Multicen-
etal > TIDM, HTN cular function— of amiodarone and rence of VT on ter, USA
2020 VVECMO d/t respi- lidocaine. Hydroxy- HD 31
July ratory failure—~ chloroquine, azithro-

escalated to VA mycin, tocilizumab,
ECMO d/t acute convalescent plasma,
decompensated—  IVIG, methyIPd
HF-VT- stabiliza-
ed after manage-
ment
6 Months 1 VI Acute COVID-19  Repaired New severe PHT Not specified. epine- Dischargedhome Caseseries  Multicen-
ALCAPA with  with RV dysfunc-  phrine, milrinone, INO  onHD 35 ter, USA
severe ven- tion, LV EF 20%. for PHT, tocilizumab,
tricular dys- During intubation, ~ remdesivir
function bradycardia and

VT - epinephrine,
CPR

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; LV, left ventricular; VT, ventricular tachycardia; AF, atrial
fibrillation; MIS-C, multisystem inflammatory syndrome in children; NA, not available; IVIG, intravenous immunoglobulin; SVT, supraventricular tachycardia;
AT, atrial tachycardia; AFL, atrial flutter; CPR, cardiopulmonary resuscitation; ECMO, extracorporeal membrane oxygenation; VA, venoarterial; HD, hospital
day; NSR, normal sinus rhythm; AVB, atrioventricular block; cAVB, complete atrioventricular block; RBBB, right bundle branch block; EF, ejection fraction;
VVV, venovenous; HCM, hypertrophic cardiomyopathy; TIDM, type | diabetes mellitus; TIIDM, type Il diabetes mellitus; HF, heart failure; d/t, due to; HTN,
hypertension; ALCAPA, anomalous left coronary artery from the pulmonary artery; PHT, pulmonary hypertension; RV, right ventricular; iNO, inhaled nitric

oxide.

dArrhythmia management is underlined. ®Four patients had underlying extracardiac disease: sickle cell disease (n=1), hematologic malignancy (n=2), Bloom

syndrome (n=1)
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Table 2. Summary of studies of patients with bradyarrhythmia

Age  No.of Condition Past Laboratory Study
Study ) patients Arrhythmia related to medical Clinical detail findings Management Outcome e Country
SARS-CoV-2  history

Lara 12 1 Complete AVB Acute COVID- Previously Cardiac arrest following Elevated BNP, and Epinephrine, IVIG NSR on HD 4, Case Louisiana,
etal®? 19, fulminant  healthy severe bradycardia with ~ troponin | and improved report USA
2020 myocarditis complete heart block, LV function to

and hypotension. De- normal
creased LV EF 27%

EFAssaad 10 1 First-degree AVB Acute COVID- Pityriasis ~ Sinus tachy, severe LV Elevated CRP, D- IVIG, anakinra, me- Spontaneously Case Boston,
etal®o - complete AVB 19, myocardi- licheno- dysfunction EF 32% — dimer, BNP, and thylPd, remdesivir. ~ resolved report USA
2020 tis ideschro-  1stdegreeAVBonHD 2. high-sensitive no intervention
May nica complete degree AVB  troponin. for bradyarrhyth-

and 2nd degree AVB on mia
HD 3.

Dionne  Median 5/25 First-degree AV MIS-C NA All had ventricular dys- Elevated BNP (4/5), No treatment re- NSR in all pati- Single Boston,
etal® 121 (20%) block (n=5) - pro- function (LV EF 40%- normal troponin quired for the ents center USA
2020 gressed to sec- 55% in 4, <40% in 1). (5) AVB. Inotropics observa-

August ond- (n=3) or Inotropics support d/t for shock tional
third- AVB (n=1) hypotension or shock in study
4 patients

Carmona 19 3 1stAvBwith RBBB MIS-C Previously LV EF 40% improved to Hypotensive, ele- Isoproterenol for Discharge, nor- Case Florida,
etal® on admission — healthy 50%. Cardiac MRI: sub- vated CRP, ESR, CcAVB, IVIG, met- mal LV function, report USA
2021 complete AVB —~ epicardial enhancement ~ and BNP. Mildly  hylPd, azithromy-  persistent first-

October type 2nd-degree along the basal inferior  elevated tropo- cin, Anakinra, to- degree AVB
AVB type | 2nd- wall nin cilizumab
degree AVB -
first-degree AVB
9 Sinus bradycardia MIS-C Previously LV EF 35%-40%, hypo- Mildly elevated IVIG, methylPd, Discharged with
on HD 8 with pro- healthy tension troponin, elevat-  anakinra, inotro-  normal QTc and
longed QTc 545 ed BNP, CRP pics normal LV EF
msec
9 RBBB on HD 4 (ini- MIS-C Obese Inicial ormal LV function ~ Elevated BNP, IL- IVIG, methylPd, Discharged with
tially NSR - sinus On HD 3, mild LV dys- 6, lactic acid, and  anakinra NSR and normal
bradycardia) function with RBBB =  CRP. Normal tro- LV function
junctional rhythm, sinus ~ ponin
brady 38-48 bpm

Domico 11 1 Sinus bradycardia MIS-C, giant Previously Vasogenic shock, normal Elevated CRP,ESR, Temporary trans- NSR. Complete Case Califonia,
etal® with 1st and 2nd  aneurysm in  healthy LV EF — intubation, ino-  IL-6, and lactate. venous pacing recovery before report USA
2020 degree on HD 4 coronary ar- tropes > OnHD 4,sinus ~ Serial troponin  and methylPd, discharge

typell 2nd-degree  terie brady with varying de-  duringadmission:  IVIG, infliximab
AVB, nonspecific gree AV block (1st and  within normal
intraventricular 2nd degree) typell2nd range

conduction delay, degree AVB

nonsustained VT

Choi Median 6/32 First-degree AVB MIS-C NA Onset of AVB: median 8 Elevated CRP, IL- No management NSR 3daysthere obs. New York,
etal® 115 (19%) (n=6),RBBB(nN=1) days after the initial 6, NT pro-BNP, for first-degree after Study USA
2020  (range symptom. No advanced  high-sensitive AVB, IVIG, me-

Decem- 9-17) AVB troponin T, LDH,  thylPd, anakinra
ber D-dimer (13%)

Mehta 6 1 Complete AVBwith MIS-C Previously 4 Days after fever onset, Elevated CRP,LDH, Isoproterenol/ad- NSR after 5days. Case West
etal® a HR of 32 bpm healthy Shock with HR 32 bpm  NT pro-BNP, and  renaline followed  NSR during fol-  report Bengal,
2021 on admission with poor perfusion on  tropoin| by temporaryPM  low-up at 2 India

admission. Mild LV dys- implantation. IViG, months after
function methylPd, theillness
7 1 Complete AVBwith MIS-C NA 6 Days after fever onset, Elevated CRP,LDH, Isoproterenol/ad- Permanent PM.
HR of 26/min on shock with HR 26 bpm  NT pro-BNP, and  renaline followed ~Remained pace-
admission on admission. mild LV tropoin| by temporaryPM  maker depen-
dilatation and dysfunc: implantation - dent at 1 mon-
tion no recovery for  th of follow-up
12 days — per-
manent PM im-
plantation

Giordano 14 1 First-degree AVB  MIS-C Previously  Hypotensive shock Elevated CRP, ESR,  IVIG, methyIPd Recoveredto  Case Italy
etal®” healthy LDH, D-dimer, NSR report
2021 and troponin

Continued
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Table 2. Summary of studies of patients with bradyarrhythmia (Continued)

Age  No.of Sl Past Laboratory Study
Study (] patients Arrhythmia related to medical Clinical detail Fdings Management Outcome Hie Country
SARS-CoV-2  history
DiFilippo 12 1 First-degree AVB ~ MIS-C Previously Improved clincial condi- Elevated CRP, D- IVIG, methypPd 12 Days after fe- Case I[taly
etal,® healthy ~tion after IVIG and me-  dimer, IL-6, BNP, ver, normal ECG  report
2021 thylPd, but on day 8 and troponin and normal LV
August after fever worsening EF
EF 53% with increased
BNP, moderate MR and
first-degree AVB ap-
peared
Sisko 8 1 Complete AVB Chronicphase Previously Severe RV dysfunction, Normal CRP, ESR, Dopamine, milri- Permanent PM Case Izmir,
etal® with ventricular  of COVID-19  healthy severe TR, abdominal and torponin I. none, IVIG, me- implantation report Turkey
2021 escaped beat 30  (COVID-19 pain, marked bradycar- Elevated BNP. thylPd, favipiravir, and TV repair on
October bpm infection 4 dia, hepatomegaly Diffuse late ga- temporary PM the 19th day on
months ago) dolinium enhan- implantation on  admission

cement in RV HD#7
free wallin MRI

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; AVB, atrioventricular block; COVID-19, coronavirus disease 2019; LV, left ventricular; EF, ejection
fraction; BNP, brain natriuretic peptide; bpm, beat for minute; IVIG, intravenous immunoglobulin; NSR, normal sinus rhythm; HD, hospital day; CRP, C-reactive
protein; methylPd, methylprednisolone; NA, not available; MIS-C, multisystem inflammatory syndrome in children; MRI, magnetic resonance imaging; ESR,
erythrocyte sedimentation rate; cAVB, complete atrioventricular block; RBBB, right bundle branch block; IL-6, interleukin-6; ECG, electrocardiogram; MIS-C, giant
aneurysm in coronary arteries; NT pro-BNP, N-terminal-pro-hormone brain natriuretic peptide; HR, heart rate; PM, pacemaker; LDH, lactate dehydrogenase; MR,

mitral regurgitation: TR, tricuspid regurgitation; RV, right ventricular.

First-degree AV block was the most common bradyarrhy-
thmia.>®%¢D It presented at a median 6-8 days after symptom
onset, and most patients returned to a normal sinus rhythm
spontaneously. A transient complete AV block or second-
degree AV block (type I or type II) has been also reported, and
some patients required temporary pacemaker insertion. 362
The incidence of a complete AV block was as low as 2.1%—
5%, and most cases recovered a normal sinus rhythm.*®
However, some patients who developed a first-degree AV block
progressed to a second- or third-degree AV block.’¢*%%3) In
rare instances, some children required permanent pacemaker
implantation, and the first-degree AV block persisted at the time
of discharge in some, suggesting the possibility of irreversible
damage to the conduction tissue.’**% Therefore, patients with
conduction abnormalities require intensive electrocardiogram
monitoring during hospitalization and long-term follow-up after
discharge.’*%D) The therapeutic effect of anti-inflammatory
drugs on AV block or the preventive effect on the progression
to a complete AV block remains unknown because all related
studies were retrospective.

Electrocardiographic changes such as nonspecific T wave
changes, low QRS amplitudes, an abnormal QRS axis, ventri-
cular hypertrophy, and significant ST-segment changes were
findings in 269%-35% of patients with acute COVID-19 and
35%-609% of those with MIS-C.*#3:#4:49:54,58,65)

Repolarization abnormality

There have been reports of QT prolongation or repolarization
abnormalities in patients with COVID-19 and MIS-C irrespec:
tive of QT-prolonging drug use.*%61:65-¢8) Repolarization ab-
normalities, with myocardial injury from acute myocarditis

in COVID-19 and a hyperinflammatory state in MIS-C, can
increase the risk of malignant arrhythmia in patients with
inherited arrhythmia despite no reports to date. Pawar et al.®”
reported neonates with multiple inflammatory syndromes pre-
senting with QTc prolongation with a 2:1 AV block who were
born to mothers with a history of COVID-19. An AV block with
2:1 conduction was a functional block due to QT prolongation
and disappeared with intravenous immunoglobulin and methyl-
prednisolone, followed by normalization of the QTc interval in
all patients.

Furthermore, some drugs used in patients with COVID-19,
such as remdesivir, azithromycin, and hydroxychloroquine, can
prolong the QQIc interval even in patients without underlying
disease (www.crediblemeds.org).*® An electrolyte imbalance
(hypokalemia, hypocalcemia, and hypomagnesemia) and de-
hydration from a poor oral intake, diarrhea, or vomiting may
further increase the QTc interval.’? So, patients with COVID-19
and an increased risk of QT prolongation require electrocar-
diography and QTc change monitoring during the illness. As
patients with congenital long QT syndrome have an extended
QT interval with the increased risk of torsades de pointes, they
require electrocardiography monitoring during acute COVID-19
or MIS-C and must avoid QT-prolonging drugs and hypokalemia
with COVID-19-associated diarrhea.

Autonomic dysfunction

Palpitations, dizziness, and orthostatic intolerance have been
noted in some patients for weeks to months after the initial SARS-
CoV-2 infection.”®”?) Postural orthostatic tachycardia syndrome
and autonomic dysfunction are among the causes of such symp-
toms. The proposed mechanisms are dehydration, increased
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cardiac sympathetic outflow from damaged or altered autonomic
nervous system function, and autoimmunity.”? Although the
mechanism is not yet clarified, the symptoms usually significantly
improved with lifestyle modifications and medications such as
fludrocortisone, midodrine, or beta-blockers.””

Cardiovascular complications including arrhyth-
mia in patients with congenital heart disease

Patients with underlying cardiac diseases, such as congenital
heart disease (CHD) and cardiomyopathy, were initially con-
sidered at high risk for mortality and poor outcomes.*””%"¥ Strah
et al.” demonstrated that pediatric patients with COVID-19
and moderate to severe CHD were younger at admission (1 vs.
11 years), had a longer length of stay, and had higher morbidity
and mortality rates than those without CHD. However, other
studies exhibited that worse New York Heart Association Func
tional class =III, genetic syndrome, and adults with CHD
were significantly associated with the need for hospitalization/
respiratory support as well as higher morbidity and mortality
rates rather than CHD presence or severity.”®’” A multicenter
study from 58 adult CHD centers that included 1,044 infected
patients also demonstrated that the COVID-19 case/fatality rate
of 2.3% was similar to that (2.2%) of the general population.
Cyanosis, previous heart failure admission, a worse physiological
stage, pulmonary arterial hypertension, male sex, renal insuffi-
ciency, and diabetes were associated with death, while anatomic
complexity was not predictive.”®)

Patients with CHD are at increased risk for arrhythmia, but
only one case series of arrhythmic events was published during
the COVID-19 pandemic.’” Simpson et al. presented 6 patients
with CHD and one patient with hypertrophic cardiomyopathy
for acute COVID-19, of whom 2 had newly developed VT
requiring cardiopulmonary resuscitation or defibrillation. Both
had respiratory failure and decompensated heart failure before
the development of VT, and one eventually died of VT recur-
rence. Although the association between arrhythmia develop-
ment in CHD patients and COVID-19 has not been identified,
a proarrhythmic substrate in repaired or unrepaired CHD in a
patient with diastolic and/or systolic dysfunction combined with
right ventricular failure from respiratory failure may result in
poor outcomes.

Conclusion

Cardiovascular complications are uncommon in children with
SARS-CoV-2 infection, whereas those with MIS-C had increased
cardiovascular involvement. Tachyarrhythmia was associated
with poor clinical outcomes in a large multicenter study. Many
patients improved with/without medical treatment, but some
required ECMO support. Bradyarrhythmia was relatively com-
mon, reported in up to 20% of patients, and more frequently

occurred in patients with MIS-C than acute COVID-19. Most
patients with conduction abnormalities recovered a normal sinus
thythm, and permanent pacemaker implantation was rarely
required.

Pediatric patients have a relatively low incidence of arrhythmic
complications, but those with arrhythmia require a timely diag:
nosis with immediate aggressive treatment. Electrocardiography
abnormalities and QT prolongation were not uncommon.
Thus, among pediatric patients with acute COVID-19 or MIS-
C, especially those who are critically ill, close monitoring for
arrthythmia and QT prolongation is required as appropriate
management. There are limited data for cardiovascular involve:
ment in pediatric patients, and the effects of SARS-CoV-2 infec:
tion are still emerging. Therefore, continuous research with
long-term follow-up is required.
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