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Abstract

Arrhythmias significantly contribute to morbidity and mortality in patients with congen-
ital heart disease (CHD). While postoperative factors predisposing to arrhythmias are
well-established, early electrophysiological alterations in pediatric CHD remain poorly
understood. This review summarizes current knowledge on postnatal cardiac matura-
tion, conduction-system development, and electrophysiological abnormalities in pediatric
patients with and without CHD. Importantly, arrhythmia prevalence, mechanisms, and
clinical relevance are systematically discussed across three pediatric groups, including
healthy children and patients with unrepaired and repaired CHD. Understanding develop-
mental arrhythmogenic mechanisms may facilitate early risk stratification, guide clinical
management decisions, and improve long-term outcomes for pediatric patients with CHD.
This review discusses the complex interplay between cardiac maturation, congenital de-
fects, and arrhythmogenesis. It also outlines future directions that include noninvasive
monitoring, selective intraoperative mapping, animal model studies, and standardized
data collection to improve early risk stratification and long-term outcomes in children
with CHD.

Keywords: congenital heart disease; pediatric arrhythmia; cardiac electrophysiology;
cardiac maturation

1. Introduction

Congenital heart disease (CHD) affects approximately 0.8% to 1.2% of live births
worldwide [1]. Advancements in surgical repair have significantly improved the long-
term prognosis for CHD, with nearly 85% of patients reaching adulthood [1-5]. However,
arrhythmias remain a leading cause of morbidity and mortality [6]. While postoperative
factors such as surgical scars, residual defects, and altered hemodynamics contribute to
arrhythmogenesis [7], the inherent electrophysiological properties predisposing patients
with CHD to arrhythmias later in life are less understood.

Postnatal hearts undergo significant remodeling involving morphology, ion channels,
and the specific conduction system [8]. However, these developmental processes are
frequently disrupted in CHD [9], which may increase vulnerability to arrhythmias.
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Emerging evidence, such as conduction abnormalities in pediatric patients with CHD
identified by intraoperative epicardial mapping, revealed the existence of electrophysiological
alterations early in life [10-12]. These alterations could theoretically predispose patients with
CHD to arrhythmias as they age. Indeed, long-term follow-up studies have demonstrated
that patients with CHD have a higher atrial fibrillation (AF) incidence, earlier AF onset, and
increased AF-related mortality rates compared to the general population [9,13-15].

Previous studies have predominantly focused on arrhythmogenesis in adult patients
with CHD, in whom risk factors such as surgical scars, chronic hemodynamic overload,
structural abnormalities, and fibrosis are present [7,16]. These observations raise an essen-
tial yet unsolved question: does the CHD heart also differ intrinsically from the normal
heart during childhood in a way that makes these individuals more susceptible to arrhyth-
mias later in life, independent of (late) postoperative factors?

To address this gap, this review discusses current knowledge on the development of
the heart and its conduction system in both healthy and CHD-affected individuals before
adulthood, with emphasis on intrinsic anatomic and electrophysiological differences that
may contribute to arrhythmias. We summarize the incidence of the different types of
arrhythmias in children with and without CHD, before and after cardiac surgery. Finally,
we outline potential future directions to improve early risk stratification and long-term
outcomes in the pediatric CHD population.

2. Maturation of the Healthy Heart

Postnatal cardiac development involves significant changes in size, cellular composi-
tion, and electrophysiological function.

2.1. Embryology of the CCS

The cardiac conduction system (CCS) is composed of specialized cardiomyocytes
(CMs) responsible for coordinated atrioventricular contraction [17,18]. The CCS, comprising
the sinoatrial node (SAN), atrioventricular node (AVN), His bundle, right and left bundle
branches, and Purkinje fibers, is largely established by the end of the first trimester [19] and
continues to undergo significant structural and functional maturation after birth [19,20].

The CCS develops as specialized tissue by suppression of the default cardiac genetic
program for the working myocardium, resulting in reduced cellular proliferation at specific
areas in which automaticity is retained. These areas are characterized by poor intercellular
coupling [18]. By day 23 of gestation, cells within the primitive heart tube already show
automaticity [21,22]. The earliest pacemaker activity emerges at the venous pole, which
later gives rise to the SAN [23]. As the endocardial cushions form, the AVN arises in the
region just superior and posterior to the cushions within the atrioventricular canal. This
location contributes to the functional delay from the atria towards the ventricles [24,25].

In the fetal SAN and AVN, pacemaker cells (P-cells) appear disorganized without
distinct clustering [19]. During the first two weeks after birth, they cluster into discrete
units as transitional cells increase alongside a progressive collagen framework, reflecting
SAN maturation [19]. In the AVN, fetal P-cells aggregate diffusely with irregular branching,
which smooths out postnatally [19]. Collagen deposition increases in both nodes after birth,
likely playing a role in postnatal morphogenesis [19]. The His bundle, initially extremely
large in comparison to the adult heart, also undergoes significant postnatal remodeling [26].
During the first year of life, it appears shaggy but develops into a smoother, more cylindrical
structure, which is more pronounced on its left side [19]. These structural changes in the
CCS, particularly within the AVN and His bundle during the first year of life, coincide
with the typical age range for sudden infant death syndrome (SIDS) [19,27]. This raises the
hypothesis that electrical instability of the immature CCS may play a role. Studies have
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demonstrated a relationship between SIDS and a prolonged QTc [28], and variations in
LQTS genes (SCN5A, KCNQ1, KCNH?2) have been reported [29-31]. A standard surface
ECG may help detect QTc prolongation and help prioritize infants for targeted genetic
testing with family screening. Prospective longitudinal cohorts with serial ECGs with age-
and sex-specific thresholds and integration with genetic testing are needed to improve
risk stratification.

2.2. Electrophysiological Maturation of the Healthy Heart

Postnatal electrophysiological maturation involves dynamic changes in ion channel ex-
pression, localization, function, and action potential characteristics [32,33]. Animal studies
have shown that developmental modulation in transient outward potassium currents (I,),
inward rectifier currents (Iy1) [34—40], and T-type calcium currents (Ic, 1) [41] contribute to
species- and region-specific alterations in action potential duration. In humans, pediatric
right atrial appendage CMs have larger I, currents [42] and faster L-type calcium current
(Icq,) inactivation [43] than adult CMs. Consequently, pediatric atrial action potentials are
shorter with a more triangular morphology, contrasting with the prolonged action potential
duration with a more prominent notch followed by a longer plateau in the adult right
atrial appendage [42,44].

Electrophysiological maturation leads to age-dependent changes in the surface elec-
trocardiogram (ECG). In three major studies, collectively including over 30,000 healthy
individuals, age- and sex-related trends in ECG parameters have been identified, as sum-
marized in Figure 1 [45-47].
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Figure 1. Age-related changes in ECG parameters during development and maturation. Graphs
illustrate dynamic trends in key ECG indices from birth to adolescence, including heart rate, PR
interval, QRS duration, and QTc interval. Data are stratified by sex to highlight differences between
males and females across developmental stages [45—-47].



J. Cardiovasc. Dev. Dis. 2025, 12, 386

4of 16

Heart rate peaks within the first month of life and gradually declines thereafter. The
PR interval shortens at 1-3 months before steadily increasing with age. QRS duration shows
a continuous age-related increase, while the QTc interval shortens around one month of
age, followed by a transient rise before starting to gradually decline with age. These
ECG changes remain consistent across different sexes, ethnicities, and geographic regions.
Additionally, newborns typically display right axis deviation due to physiological right
ventricular (RV) hypertrophy, which normalizes with age.

3. Development of the Pediatric Heart with CHD

CHD has a significant impact on cardiac anatomy and function, including distur-
bances in the CCS. These alterations collectively establish the foundation for increased
susceptibility to arrhythmias in patients with CHD.

3.1. CHD-Associated Conduction System Abnormalities

Most CHDs arise during the early phases of embryonic development [48], which
may cause structural and/or functional abnormalities of the CCS as well [18,49,50]. As
summarized in Table 1, abnormalities in the CCS are closely related to the specific subtype
and anatomy of the CHD [7].

Table 1. CHD associated with conduction system abnormalities.

CHD Conduction System Abnormalities Arrhythmias References

Primum: posteroinferior displacement of
. AVB, SND

ASD the AVN and His bundle AVNRT, SND [7,51]
Secundum: AV nodal fast pathway SND
Sinus venosus: close proximity to the SAN
Posteroinferior displacement of the AVN

pmVSD and His bundle ; AVB [52,53]
Posteroinferior displacement of the AVN

AVSD and His bundle AVB [51,54,55]

ccTGA Dlsplacgment 2 fAVN, altered Complete AVB [56,57]
conduction axis

Single ventricle Displacement of AV conduction pathways  AVNRT [55]

Left atrial isomerism Hypoplastic SAN and malformed AVN AVB; SND [58,59]

Right atrial somerism Dual SAN and dual AVN, potential for twin g oyre ong v [58,59]
AVN pathways

Ebstein’s anomaly Compressed AVN, malformed right bundle AVB, tachyarrhythmias [60]

branch, accessory pathways

AFL: atrial flutter; ASD: atrial septal defect; AVB: atrioventricular block; AVN: atri-
oventricular node; AVNRT: atrioventricular nodal reentrant tachycardia; AVSD: atrioven-
tricular septal defect; ccTGA: congenitally corrected transposition of the great arteries;
CHD: congenital heart disease; pmVSD: perimembranous ventricular septal defect; SAN:
sinoatrial node; SND: sinus node dysfunction; SVT: supraventricular tachycardia; VT:
ventricular tachycardia.

In atrial septal defects (ASDs), secundum ASDs are generally anatomically remote
from the atrioventricular conduction tissue. However, surgical repair of large secundum
ASDs can impact the AV nodal fast pathway and potentially predispose patients to atri-
oventricular nodal reentrant tachycardia (AVNRT) [51].

Higher-grade AV nodal conduction abnormalities are most frequently seen in primum
ASDs due to posteroinferior displacement of the AVN and His bundle [51]. AV septal defect
(AVSD) [51,54] and perimembranous ventricular septal defect (pmVSD) [52,53] share a
similar displacement of the AVN and His bundle. This abnormal positioning predisposes
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patients with AVSD and pmVSD to an increased risk of postoperative bradyarrhythmia,
particularly AV block (AVB). In addition, anatomical abnormalities of the CCS in AVSD
include a shortened distance between the AVN and the origin of the left bundle branch, as
well as hypoplasia of the left bundle branch [55]. Notably, sinus node dysfunction (SND)
may occur in all ASD subtypes both before and after surgery, but it is most common in
superior sinus venosus ASDs due to the defect’s close proximity to the SAN, especially
following surgical intervention [51].

In contrast, complex CHDs, such as congenitally corrected transposition of the great
arteries (ccTGA), atrial isomerism, and Ebstein’s anomaly demonstrate more profound
developmental and positional abnormalities of the CCS.

In the normal heart, the compact AVN sits at the apex of the triangle of Koch and
gives rise to a His bundle that penetrates the central fibrous body beneath the membranous
septum. In ccTGA, AVN is typically antero-superior on the right-sided AV valve near
the pulmonary—mitral fibrous continuity, with a long penetrating His bundle that courses
anteriorly and leftward in the subpulmonary outflow septum before bifurcating [61,62].
This increases the risk of AV conduction disease, particularly when patients age or un-
dergo surgical repair [56]. The reported incidence of AVB is about 2% per year [61,63],
with 10% initially presenting with complete AVB [61]. Given the displacement of the
CCS, conventional epicardial LV apical/mid-lateral pacing in pediatric patients [64-70] is
generally not preferred. However, His bundle pacing from the right septal side may reduce
ventricular dyssynchrony [61,62].

Atrial isomerism is associated with subtype-specific abnormalities of the CCS. As
demonstrated in Figure 2, in left atrial isomerism, the SAN is often hypoplastic or ab-
normally positioned, predisposing patients to bradyarrhythmias such as SND and AVB.
In contrast, right atrial isomerism may feature duplication of the SAN and AVN, which
can create multiple conduction pathways and increase the risk of supraventricular tach-
yarrhythmias (SVTs) and, less commonly, ventricular tachyarrhythmias [58,59].

Left atrial isomerism Normal anatomy Right atrial isomerism

Abnormally positioned ||
Hypoplastic ]
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Figure 2. Conduction system variations in left and right isomerism. AVN: atrioventricular node;
SAN: sinoatrial node.

Ebstein’s anomaly may involve a compressed AVN and abnormal or fibrosed right
bundle branch. Additionally, accessory pathways are often present near the malformed
tricuspid valve, predisposing patients to AVB, pre-excitation, and tachyarrhythmias [60].
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3.2. Epicardial Mapping in Pediatric Patients with CHD

Postnatal hemodynamic pressure and/or volume overload in CHD may impair normal
cardiac development, thereby inducing electrophysiological alterations. However, data
on electrophysiological alterations in pediatric patients with CHD is rare. Prior mapping
studies have reported on electrophysiological alterations already present during short-term
hemodynamic overload in pediatric patients with CHD. These alterations may potentially
contribute to the long-term risk of arrhythmias [10].

We recently reported on conduction abnormalities in Bachmann’s Bundle, a preferen-
tial pathway for interatrial conduction, in very young pediatric patients with CHD. These
early abnormalities may increase the susceptibility of developing atrial tachyarrhythmias
later in life [12].

4. Pediatric Arrhythmias: From Healthy Hearts to Congenital Defects

Based on the maturation of healthy hearts and the alterations associated with CHD,
this section describes arrhythmias in (1) children without CHDs, (2) children with CHDs
prior to surgical correction, and (3) those following corrective surgery. While existing
reviews predominantly focus on arrhythmias in adult patients with CHD [9,13,16,71], early-
onset arrhythmias in childhood are being increasingly recognized. These arrhythmias may
be resolved with cardiac maturation, whereas other arrhythmias may persist or progress
with age.

4.1. Arrhythmias in Children Without CHDs

Sinus arrhythmia, premature atrial and ventricular contractions, and junctional
rhythms occur frequently in neonates and are usually benign [72]. In a study of
360 healthy children, ranging from birth to adolescence, sinus arrhythmia was docu-
mented in all participants and premature atrial contractions were detected on Holter ECGs
in 51% of healthy newborns [73]. Sinus arrhythmia and ectopy in children have been
attributed to a higher vagal tone, an immature autonomic nervous system regulation, and
CCS [74,75]. Southall et al. also reported a 14% incidence of supraventricular premature
contractions among healthy neonates in the first 10 days of life [76]. In general, SVT is the
most common symptomatic arrhythmia in infants and children, affecting approximately 1
in 250-1000 individuals [77]. Its incidence peaks within the first 2 months of life and often
resolves during infancy, although recurrences may occur in some children between 6 and
8 years of age [77].

Atrioventricular reentrant tachycardia (AVRT), with an incidence of 16.3 per 100,000 live
births, is the predominant neonatal tachyarrhythmia [78]. It is caused by persistence
of an embryological accessory pathway that normally regresses before birth [79]. With
aging, dual AV nodal physiology develops, with functional separation into fast and slow
pathways [80]. AVNRT becomes more prevalent, especially among females [77,81].

Other forms of SVT occur less frequently. Focal atrial tachycardia originates from a
small, circumscribed area, from where it expands centrifugally to the remainder of the atria.
This arrhythmia accounts for 5% to 10% of all SVT cases during infancy [82]. Atrial flutter
(AFL) is uncommon and most frequently seen in the neonatal period [81], with an incidence
of 2.1 cases per 100,000 live births [78]. AF is extremely rare in otherwise healthy children
and typically arises from degeneration of regular SVTs, such as AVRT or AVNRT [78].

Ventricular tachycardia (VT) is rare in pediatric patients with structurally nor-
mal hearts and accounts for approximately only 1.8% of pediatric electrophysiology
studies [81,83]. It occurs most commonly in infancy; 86% of VTs originate from the RV, and
up to 89% resolve spontaneously [81].
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All degrees of AVB can occur in pediatric patients [77]. The prevalence of complete
AVB is approximately 2.1 per 100,000 live births [78], which may result from auto-immune
or inflammatory diseases [77]. In children requiring chronic ventricular pacing for high-
degree AVB, epicardial LV apical/mid-lateral pacing better preserves LV synchrony and
function than RV apical/free-wall pacing and is therefore preferred [64-70].

In addition, in structurally normal hearts, autonomic instability and immaturity of the
CCS may play a role in the pathophysiology of SIDS. Postmortem studies have reported
anomalies such as exaggerated resorptive degeneration at the AV junction, hypoplasia of
nodal tissue, persistence of accessory AV connections, and displacement of the His bundle
to the left side [84-86]. Such anomalies may increase electrical instability in early infancy,
predisposing children to fatal arrhythmias.

4.2. Preoperative Arrhythmias in Children with CHDs

Most pediatric patients with CHD undergo surgical correction early in life, often before
arrhythmias become clinically evident. Consequently, the natural progression of arrhythmo-
genesis in this young population is interrupted by early intervention. Patients with ASDs
may remain uncorrected until adulthood and are more likely to develop arrhythmias earlier
and more frequently than the general population [87]. However, in unrepaired tetralogy
of Fallot (TOF), ventricular arrhythmias (VAs) may already appear during childhood [88].
In a study performed in 1984, VAs were defined as frequent premature ventricular con-
tractions (PVCs) and/or short runs of non-sustained VT. The reported incidence of VAs
was 20% (1/5) in patients aged 8-15 years and 58% (11/19) in those older than 16 years
(~46 years old) [88]. However, studies reporting on the incidence of VAs in pediatric pa-
tients with unrepaired TOF are lacking. In future studies, more accurate definition of VAs
would be helpful. For example, PVC burden should be reported as the percentage of beats,
couplets and triplets should be listed separately, and clear criteria for non-sustained and
sustained VT should be specified, with systematic recording of symptoms and management.
Long-term noninvasive monitoring would be useful to optimize early intervention and
risk stratification.

In addjition to structural and/or hemodynamic abnormalities, patients with CHD are
inherently more arrhythmogenic due to structural abnormalities of the CCS, as summarized
in Table 1.

4.3. Postoperative Arrhythmias in Children with CHDs

In pediatric CHD surgery, intraoperative and postoperative arrhythmias are com-
mon but have distinct clinical implications. Intraoperative arrhythmias, such as second
degree AVB and premature beats, are usually transient and unrelated to postoperative
arrhythmias [89]. However, postoperative arrhythmias remain a major cause of mor-
bidity and mortality in children and young adults with CHD [90]. Early postoperative
arrhythmias (hours to days after surgery) are generally related to perioperative factors,
such as younger age, low body weight, prolonged bypass time, and higher surgical com-
plexity [91-94]. While typically transient and manageable with pharmacological therapy,
these arrhythmias can significantly impact clinical outcomes, particularly in patients who
are hemodynamically unstable [94,95]. In contrast, late arrhythmias (years after surgery)
usually arise from structural remodeling, including fibrosis, dilatation, surgical scars, and
prosthetic patches [96].

4.3.1. Tachyarrhythmia

Junctional ectopic tachycardia (JET) and ectopic atrial tachycardia (EAT) are common
early postoperative arrhythmias following CHD surgery, with reported incidences of
1.4-11.9% for JET [91-94,97-103] and 2.5-8% for EAT [104-106]. JET primarily affects
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neonates and young infants, typically arises within 72 h postoperatively [103], and resolves
within 2-8 days in patients who are hemodynamically stable [100].

JET typically occurs after surgical procedures involving the region of the His bundle,
such as the repair of TOF, VSD, and AVSD, and is characterized by abnormal automatic-
ity near the AVN with AV dissociation [103]. In contrast, EAT generally presents later,
often within 14 days postoperatively [104-106]. Both arrhythmias are consistently asso-
ciated with prolonged intensive care unit stays and increased duration of mechanical
ventilation [97,98,101,102,104]. Although most studies have not demonstrated an increased
mortality associated with JET, a cohort study of 874 patients reported a significant associa-
tion between JET and higher mortality [98]. Figure 3 provides a summary of JET incidence
across different CHD subtypes.

AVSD 4

SIMIMTI M

VSD -

@5 o

VSD+DORV 4

VSD+PS A

VSD+PA -

TOF 4

e i @

10 20 30 40 50
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Mkhoul et al.(2013)

Figure 3. Bar graphs illustrating the reported incidence of postoperative junctional ectopic tachycardia
(JET) across various CHD subtypes. AVSD: atrioventricular septal defect; CHD: congenital heart
disease; DORV: double outlet right ventricle; PA: pulmonary atresia; PS: pulmonary stenosis; TOF:
tetralogy of Fallot; VSD: ventricular septal defect [91,92,94,97,99,101,102].

AFL and intra-atrial reentrant tachycardia (IART) are common postoperative reentrant
arrhythmias, particularly in older children and adolescents following Fontan completion. In
a multicenter study involving 520 children with a Fontan circulation, IART was reported in
7.3% of them; the risk of IART was highest during the first 2 years after Fontan completion,
decreased between years 4 and 6, and then increased again in later childhood [107]. This
prevalence is lower than the prevalence reported in 5-year follow-up studies performed
in the last few decades, ranging from 16 to 22% [108-110]. Reentry circuits typically
involve the cavotricuspid isthmus, atriotomy-related scar tissue, or patchy areas of scar
tissue [111]. In a cohort of pediatric patients with CHD undergoing catheter ablation, the
majority of AFL and IART circuits were localized to the cavotricuspid isthmus or areas of
atrial scar [112].

Postoperative AF is rare among pediatric patients with CHD of all ages, with a
reported incidence of <1% in three studies including 670, 402, and 262 patients, respec-
tively [93,94,113]. This low prevalence may reflect the relative resistance of the pediatric
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atrial myocardium to hemodynamic stress during the early postoperative period [96,114].
However, AF becomes increasingly prevalent with age in patients with CHD who have
undergone surgical intervention [13].

Similarly, VT is an uncommon postoperative tachyarrhythmia across any pediatric
age, with reported incidences of <2% [91-94,115]. However, recent cohort studies suggest
that VT may be more common than previously reported. In 886 pediatric patients with
CHD, VTs occurred in the early postoperative period in 16% of the population [116]. This
higher incidence likely reflects the continuous full-disclosure telemetry and inclusion
of non-sustained VA episodes, whereas other studies primarily reported only clinically
significant VAs.

The prevalence of VAs (not further specified) in a cohort of 2503 pediatric patients
with CHD was 18.5%, requiring treatment in 29% of cases [117]. Monomorphic VT was the
predominant subtype, comprising 62.3% of all VAs receiving treatment [117].

4.3.2. Bradyarrhythmia

Bradyarrhythmia may result from direct surgical injury to the SAN or AVN.

SND occurs in approximately 8% (26/310) of pediatric patients after CHD surgery,
particularly following atrial procedures (23/26) [115]. Its incidence is higher in patients
who have undergone the Fontan procedure, with reported rates of 47.4% (46/97) and
29% (33/115) [118,119]. SND typically manifests as postoperative sinus bradycardia, often
requiring temporary pacing, and may necessitate permanent pacemaker implantation in
severe or persistent cases [115,118,119]. Postoperative complete AVB occurs in 1.5-3.7% of
patients [91,93,94], generally secondary to intraoperative injury to the His-Purkinje system
during VSD closure, subaortic resection, or myectomy [91,93,113]. While most cases resolve
within 9 days, those persisting beyond 30 days rarely resolve and often require permanent
pacemaker implantation [120]. The American Heart Association recommends permanent
pacing for advanced second- or third-degree AVB persisting > 7 days postoperatively
(Class I indication) [121]. Delayed-onset complete AVB has also been reported months to
years after surgery, especially following VSD closure, with all affected patients ultimately
requiring pacemaker implantation [122-124].

5. Conclusions

This review highlights the complex interplay between postnatal cardiac develop-
ment, congenital heart defects, and arrhythmogenesis, emphasizing the significance of
inherent electrophysiological abnormalities, including CCS abnormalities, in determining
arrhythmia vulnerability in patients with CHD.

Most reports primarily focus on arrhythmogenesis in adult CHD populations. At
present, there is accumulating evidence suggesting that in patients with CHD, electrophysi-
ological alterations are present early in life, even before corrective or palliative surgery.

However, studies exploring preoperative electrophysiology in pediatric CHD are
scarce, and existing studies are constrained by small sample sizes, the lack of age-matched
controls, and limited access to human tissue. In addition, there is a wide variation in
reported endpoints across different studies. Differences in study design, patient selection,
surgical techniques across various eras and regions, and the way arrhythmias are defined
or monitored all contribute to this heterogeneity, making direct comparison across studies
difficult. Despite these challenges, early electrical alterations appear to play an important
role in later arrhythmias in pediatric patients with CHD, indicating the need for in-depth
investigation of cardiac development and arrhythmogenesis in this population.
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6. Future Directions and Clinical Implications

The wide endpoint variation in existing data complicates comparison between differ-
ent studies. This inconsistency emphasizes the need for standardized criteria for patient
selection, surgical approach, arrhythmia definitions, and monitoring strategies, with age-
and/or sex-specific parameters. Multicenter studies, including large cohorts and longitu-
dinal follow-up, are necessary. Recordings should be archived in a time-stamped clinical
database (diagnosis, medication, procedure, perioperative events, and follow-up details)
to support cross-center use. Standard surface ECGs and Holter recordings remain funda-
mental for follow-up due to their noninvasive nature, wide availability, and cross-center
interpretation. Wearable devices extend monitoring into daily life, providing clinically
useful data across ages and perioperative stages, especially during long-term follow-up
under different conditions (rest, sleep, exercise).

In children without heart disease, noninvasive daily-life monitoring with wearable
devices may identify higher risk patients (e.g., prolonged QTc in infants evaluated for SIDS)
and inform timely evaluation, family screening, and indicated intervention.

In children with CHD, monitoring in the early postoperative period can be performed
by combining continuous ECG registrations with bedside-amplified atrial electrograms
recorded from temporary wires (e.g., AtriAmp), enabling early recognition of JET and novel
AVB. Additionally, pacing can be performed without requiring additional interventions.
During long-term follow-up, noninvasive tools, such as long-term continuous rhythm
recordings by, e.g., wearable devices, enable ongoing rhythm surveillance and early detec-
tion of arrhythmias. This is especially important in CHDs due to their onset of arrhythmias
at a young age. Moreover, electrical recordings obtained with noninvasive tools can be
compared with recordings from healthy children, allowing us to distinguish disease-related
electrical alterations from normal developmental changes.

However, early electrophysiological alterations may remain undetected in the sur-
face ECG, which highlights the importance of high-resolution mapping of the endo- or
epicardial surface.

As mentioned earlier, limitations in high-resolution epicardial mapping in humans
underline the necessity of animal models. Animal models enable direct correlation of
high-resolution maps with histological analysis to validate whether electrophysiological
alterations (conduction block, low-voltage areas, focal activity, and large repolarization dis-
persion) are associated with structural changes such as fibrosis, abnormal fiber orientation,
fibro-fatty replacement, changes in connexin expression, and localization. Animal models
with pressure or volume overload and hypoxia can reproduce the pathophysiological
conditions of CHD and allow investigation of their effects on cardiac electrophysiology by
comparison with matched healthy controls. Surgical reconstructions that simulate CHD
repairs enable repeated measurements before and after repair in the same animal. Early
and long-term remapping after surgery, combined with histology, allows characterization
of postoperative adaptation of cardiac electrophysiology. Moreover, small animal models,
such as mice and rats, provide additional advantages: (1) they are less expensive, (2) they
involve larger study numbers, and (3) they allow genetic manipulation. These models make
them suitable for investigating the role of specific ion channel genes in cardiac development.

Conduction system mapping can provide data on AVN-His-Purkinje activation and
may offer mechanistic insight into CHDs with CCS abnormalities (AVSD, perimembranous
VSD, and ccTGA). Brief conduction system recordings intraoperatively can delineate AV
conduction pathways and guide suture or patch placement without a separate procedure.
Intraoperative His bundle mapping is associated with lower rates of postoperative AVB
and pacemaker implantation in patients with heterotaxy syndrome and non-L-malposed
great arteries [125].
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Combining traditional tools (surface ECG, Holter recording) with new approaches
(high-resolution mapping, conduction-system recording, wearable devices) can clarify
(1) how electrophysiology evolves with development, (2) differences among various CHD
subtypes, and (3) adaptation after surgery.

When an arrhythmia is noninvasively detected, further evaluation is needed to assess
whether a patient is at high risk and early anti-arrhythmic therapy is mandatory or when
close observation suffices. In the latter case, noninvasive monitoring can be used to evaluate
whether there is spontaneous resolution or progression of the arrhythmia. High-resolution
and conduction system mapping during surgery may provide mechanistic insights
into arrhythmogenesis.

Combining noninvasive recordings with intraoperative mapping data may deepen
our understanding of (CHD-related) arrhythmias, thereby improving risk stratification,
optimizing surgical timing, and enhancing overall long-term outcomes for pediatric patients
with CHD.
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