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In children with structurally normal hearts, the mechanisms of arrhythmias are usually the same as in the adult patient. Some arrhythmias are
particularly associated with young age and very rarely seen in adult patients. Arrhythmias in structural heart disease may be associated either
with the underlying abnormality or result from surgical intervention. Chronic haemodynamic stress of congenital heart disease (CHD) might
create an electrophysiological and anatomic substrate highly favourable for re-entrant arrhythmias.

As a general rule, prescription of antiarrhythmic drugs requires a clear diagnosis with electrocardiographic documentation of a given ar-
rhythmia. Risk—benefit analysis of drug therapy should be considered when facing an arrhythmia in a child. Prophylactic antiarrhythmic drug
therapy is given only to protect the child from recurrent supraventricular tachycardia during this time span until the disease will eventually
cease spontaneously. In the last decades, radiofrequency catheter ablation is progressively used as curative therapy for tachyarrhythmias in
children and patients with or without CHD. Even in young children, procedures can be performed with high success rates and low com-
plication rates as shown by several retrospective and prospective paediatric multi-centre studies. Three-dimensional mapping and non-
fluoroscopic navigation techniques and enhanced catheter technology have further improved safety and efficacy even in CHD patients
with complex arrhythmias.

During last decades, cardiac devices (pacemakers and implantable cardiac defibrillator) have developed rapidly. The pacing generator size
has diminished and the pacing leads have become progressively thinner. These developments have made application of cardiac pacing in chil-
dren easier although no dedicated paediatric pacing systems exist.
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Anatomy of the conduction system
of the heart

Conduction system in normally
structured hearts

The sinus node is usually located immediately subepicardially in the
terminal groove (sulcus terminalis) on the lateral margin of the
junction between the superior caval vein and the right atrium
(Figure TA). It is spindle-shaped, with a tapering tail in the majority
of hearts. In about one-tenth of individuals, it is shaped like a
horseshoe and straddles the crest of the right atrial appendage.
At the borders, the nodal cells are adjacent to working myocytes
in places and short tongues of transitional cells inter-digitate with
ordinary musculature in others. The tail of the sinus node pene-
trates postero-inferiorly into the musculature of the terminal
crest to varying distances. Apart from the occasionally long tail,
and the tongues of transitional cells, no histologically specialized
pathways are seen in the internodal musculature.

In the normal heart, the atrial musculature constitutes a separate
myocardial mass relative to the ventricular musculature apart
from one muscular connection—the bundle of His. The areas of
contiguity at the atrioventricular (AV) junctions around the orifices
of the AV valves provide the separation.

The triangle of Koch is the gross landmark to the position of the
AV node (Figure 1B). Viewed from the right atrial aspect, the tri-
angle is delimited posteriorly by the continuation of the attach-
ment of the Eustachian valve, the tendon of Todaro, into the
sinus septum (also known as the Eustachian ridge). The anterior
border of the triangle is the hingeline (annulus) of the septal
leaflet of the tricuspid valve. The mouth of the coronary sinus is
usually taken as the base of the triangle, with the AV node
located at the apex where the tendon of Todaro inserts into the
central fibrous body. On one side, the compact AV node lies
against the central fibrous body whereas on the other side it has
an interface of transitional cells with atrial myocardium. The exten-
sion of the node into the central fibrous body, the penetrating
bundle of His, is then completely encased within fibrous tissues.
The AV conduction bundle, still within a fibrous sheath, continues
to a short non-branching portion before it becomes the branching
bundle. Although sandwiched between the membranous septum
and the muscular ventricular septum, the branching bundle is dis-
posed towards the left in many hearts (Figure 1), resulting in the
cord-like right bundle branch passing through the septum before
emerging in the subendocardium on the right ventricular (RV)
side. The left bundle branch descends in the subendocardium of
the ventricular septum. Having descended the septum as bundles
of conduction tissue surrounded by fibrous tissue sheaths, the
bundle branches then continue into the so-called Purkinje
network that allow interface with ventricular myocardium.

Congenital heart block

Congenital complete heart block can occur in congenitally mal-
formed hearts or in otherwise normal hearts." Complete block
associated with a cardiac defect is most frequently seen in the
anomaly of congenitally corrected transposition, isomeric

arrangement of the atrial appendages, and in some AV septal
defects. When occurring in a structurally normal heart, the
pattern of the cardiac conduction system can take one of three
anatomic forms: atrial-axis discontinuity, nodal-ventricular discon-
tinuity, or intraventricular discontinuity (Figure 1C). The last form
is extremely rare. The association of congenital complete heart
block with maternal connective tissue disease is well documented.
Most commonly, the AV node was lacking and there was associated
fibrosis of the sinus node in several cases.”?

Accessory atrioventricular connections

Accessory AV connections have been located both in structurally
normal hearts and in hearts with congenital malformations.
These anomalous muscle strands breach the separation of atrial
from ventricular myocardium at any point around the AV junctions
(Figure 2). The majority of left-sided parietal pathways run close to
the epicardial aspect of the fibrous hinge of the mitral valve. In con-
trast, accessory pathways along the right parietal junction either
cross an area of deficiency in the fibrofatty tissues or traverse
more peripherally though the fatty tissues of the AV groove.
Some right-sided pathways may arise from a node-like structure
(node of Kent) at its atrial origin. ‘Mahaim physiology’ can be pro-
duced by such histologically specialized right-sided pathways that
connect with the AV conduction system via a bundle that descends
in the right parietal wall. The pathways are hence described as
‘atriofascicular’ connections. Such a sling of histologically specia-
lized conduction tissue, with its various appellations, should be dis-
tinguished from the classic ‘Mahaim fibre’. The latter directly
connects the AV node or bundle to the ventricular septum. De-
scriptively, they are better labelled nodoventricular and fasciculo-
ventricular accessory connections, respectively, highlighting their
connection with the conduction tissues (Figure 2). These fibres
are regularly found in normal hearts, especially in neonates.
So-called septal accessory connections are between atrial and ven-
tricular myocardium at the offset attachments of the leaflets of
mitral and tricuspid valves. A further subset of accessory pathways
has been described as being located close to the penetrating
bundle (‘intermediate septal’ or para-Hisian pathways). Another
type, atrio-Hisian connections (originally designated as ‘atriofasci-
cular’) traverse through the central fibrous body, connecting
atrial myocardium with the node-bundle axis distal to the nodal
region.

Further variants of accessory connections are those related to
coronary venous structures instead of being related to the inser-
tions of the AV valves or the conduction system. For example,
they are associated with aneurysmal dilation of the coronary
sinus or aneurysmal formation of the anterior cardiac vein,
where broad bands of muscular connections surround the
mouth of the aneurysm.

Conduction system in congenitally
malformed hearts

Sinus node

The majority of malformed hearts have the atrial chambers in their
usual position (situs solitus) with a regular location of the sinus
node. Abnormal positions of the sinus node have been found in
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Figure | (A) Diagram of the cardiac conduction system. (B) The right atrium is opened to show the triangle of Koch delimited by the hinge
line of the tricuspid valve anteriorly (broken line), the tendon of Todaro (dotted line) posteriorly, and the coronary sinus (CS) inferiorly. The
sinus node lies in the terminal crest at its antero-lateral junction with the superior caval vein (SCV). (C) These four panels depict the normal
components of the atrioventricular conduction system and the variants of interruption that are the anatomic substrates of congenital heart
block. AV, atrioventricular; BB, branching bundle; LBB, left bundle branch; ER, Eustachian ridge; EV, Eustachian valve; ICV, inferior caval vein;
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; Trans., transitional.

hearts with juxtaposition of the atrial appendages and in hearts
with an atrial arrangement other than the usual. Left juxtaposition
in which the right atrial appendage lies alongside the left atrial
appendage to the left side of the arterial pedicle has an anteriorly
displaced sinus node owing to the distortion of the atrial anatomy

that deviates the terminal crest.* Right juxtaposition is much rarer
but does not affect the location of the sinus node.

Abnormal arrangement of the atrial chambers themselves also
affects the location of the sinus node. When the atria are arranged
in mirror image of normal (situs inversus), the right atrium and the
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Figure 2 Diagram of the AV junctions depicting various types of accessory connections. AV, atrioventricular; LBB, left bundle branch; RBB,

right bundle branch.

sinus node are on the left side of the patient. In hearts with isomer-
ic arrangement of the morphologically right atrial appendages
(‘asplenia’), there are bilateral terminal crests and, correspondingly,
bilateral sinus nodes.” Terminal crests, however, are lacking in
hearts with isomeric arrangement of the morphologically left
atrial appendages (‘polysplenia’). Although in this group bilateral
superior caval veins can be present, usually the sinus node is not
found in its anticipated position. In some hearts a remnant of
specialized tissue is found in the inferior atrial wall near the AV
junction while in other hearts such tissue cannot be identified.

Atrioventricular conduction system

Most congenital heart lesions are simple holes in the cardiac septum
or abnormal ventricular origins of the great arteries. These malfor-
mations have little effect on the proper alignment of atrial and ven-
tricular septal structures and, generally, a regular posteriorly
situated AV conduction system is to be expected. The key prerequis-
ite to a regular system is concordant connection at the AV level (i.e.
the morphologically right atrium connects to the morphologically
RV and the morphologically left atrium connects to the morpho-
logically left ventricle (LV). When associated with mirror-imaged ar-
rangement of the atrial appendages (situs inversus), these hearts have
mirror-imaged distribution of the AV conduction axis.

Heart defects with normally aligned septal structure

The more common malformations in this group are hearts with an
isolated ventricular septal defect, with AV septal defect, and with
tetralogy of Fallot. Except for those hearts with AV septal defect,
the triangle of Koch remains a good landmark for the location of
the AV node.®

The distribution of the AV conduction axis in hearts with tetral-
ogy of Fallot is directly comparable with hearts with isolated ven-
tricular septal defect because a defect in the ventricular septumis a
cardinal feature of tetralogy of Fallot. Most ventricular septal
defects, whether in isolation or otherwise, are located in the envir-
ons of the membranous septum. These are termed perimembra-
nous defects since they have a fibrous component or remnant of
the membranous septum at their posteroinferior border that con-
tains the AV conduction bundle (Figure 3A). The non-branching
bundle is longer than in normal hearts and the normal leftward
shift of the bundle still brings it into the LV outflow tract making
this part of the defect the most critical area for avoiding injury
to the conduction system.”

Defects with completely muscular borders, termed muscular
defects, have varying relationships with the conduction axis de-
pending on their location within the septum (Figure 3A). Those situ-
ated between the ventricular outlets are remote from the
conduction axis, whereas defects in the apical trabecular part are
in the environs of the ramifications of the bundle branches.
Defects opening to the inlet part of the RV need to be distin-
guished from those perimembranous defects that have an exten-
sive posteroinferior incursion. The conduction axis runs in the
anterosuperior quadrant of the margin of a muscular inlet defect,
in stark contrast to the posteroinferior location found with a peri-
membranous inlet defect. When both a perimembranous defect
and a muscular inlet defect exist in the same heart, the conduction
axis traverses the muscular bridge separating the defects.

Defects situated immediately beneath both arterial valves
(doubly committed and juxta-arterial defects) have a varying relation-
ship to the conduction system depending on its posteroinferior
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Figure 3 (A) Diagram showing the septal aspect of the right atrium and ventricle. The types of VSD (yellow shapes) are shown in relation to
the course of the AV conduction tissues. The fibrous tissue (green) at the postero-inferior margin of the perimebranous VSD abuts the AV
conduction bundle. (B) This diagram shows usual atrial arrangement with discordant AV connections with the morphologically LV opened.
The AV conduction bundle passes antero-superior to the LV outlet and descends along the anterior margin of VSD. (C) The AV node is ab-
normally located. (D) The AV node is located in the muscular floor of the right atrium in hearts with ‘tricuspid atresia’ where there is absence of
the right AV connection. (E) When viewed from the aspect of the rudimentary RV, the AV conduction bundle passes along the margin of the
ventricular septal defect (VSD) that is nearest to the acute cardiac margin. AV, atrioventricular; VSD, ventricular septal defect; RV, right ven-
tricle; LV, left ventricle; SCV, superior caval vein; ICV, inferior caval vein; MV, mitral valve.

margin. If the posteroinferior rim is muscular, the conduction axis is
protected by the muscle but itis vulnerable in the area of fibrous con-
tinuity between arterial and AV valves in the perimembranous type.

Hearts with AV septal defect usually have a wide separation
between atrial and ventricular septal structures. The landmarks
of the triangle of Koch no longer delineate the position of the
connecting AV node.’ Instead, the connecting AV ventricular
node is displaced posteroinferiorly at the atrial side of the junction
between atrial and ventricular septa (Figure 3B). The penetrating
bundle pierces through the conjoined valvar attachment at the
cardiac crux. The non-branching bundle is long and runs on the
crest of the ventricular septum.

Heart defects with malalignement of the septal structures
These include hearts with straddling tricuspid valve, hearts with
discordant AV connection in the setting of lateralized atrial

arrangement, hearts with left-hand topology in the setting of iso-
meric atrial appendages and some varieties of hearts with univen-
tricular AV connection.

Hearts with straddling of the tricuspid valve have the posteroin-
ferior part of the ventricular septum deviated to the right of the
cardiac crux. The connecting AV node is situated posteroinferiorly
but is displaced to a position of the atrial wall that is nearest the
point at which the ventricular septum rises to meet the tricuspid
orifice at the AV junction.’ The penetrating bundle passes
through the hinge of the tricuspid valve in this region and continues
to a long non-branching segment before dividing into the bundle
branches.

Hearts with usual atrial arrangement and discordant AV connec-
tions (such as congenitally corrected transposition) have a ventricular
arrangement similar to those with isomeric arrangement of the
atrial appendages in association with left-hand ventricular topology.
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The distribution of the conduction system is also similar.” In these
hearts, the anterosuperior and right-sided ventricular chamber is a
morphologically LV (Figure 3B). The connecting AV node is located
in the atrial wall related to the anterolateral quadrant of the mitral
valve (Figure 3C). The penetrating bundle runs in the region of
fibrous continuity between the mitral valve and the valve of the
posterior great artery. A long, non-branching bundle then
courses anterior to the outflow tract of the posterior great
artery before descending along the anterosuperior margin of a ven-
tricular septal defect to branch into the bundle branches with the
left bundle branch descending down the right aspect of the ven-
tricular septum, whereas the right bundle branch penetrates the
septum to emerge on the left side (Figure 3B). Occasionally, a
second AV node is present. This is the regular node within the tri-
angle of Koch. A sling of conduction tissues may sometimes be
formed when the regular node also connects with the ventricular
bundle branches. Rarely, only the regularly situated node makes
the connection with the ventricles.

Hearts with univentricular AV connection include those with
double-inlet connection, together with those having absence of
either the right or left AV connections. Those that are significant
in having an abnormal disposition of the conduction axis are
hearts with the atria connected to a dominant LV and those
with a solitary indeterminate ventricle.” Essentially, hearts with
dominant LV usually have an anteriorly located ventricular
septum. Thus, hearts with double-inlet connection have a connect-
ing AV node at the acute marginal position of the right AV orifice.
From here, the bundle perforates the valvar attachment to enter
the ventricular septum. When the right AV connection is absent
(tricuspid atresia) and the dominant ventricle is of left morphology,
the AV node is found in the muscular floor of the right atrium
(Figure 3D). In both settings, the descending bundle passes to the
border of the septal defect that is nearest the acute cardiac
margin, irrespective of the location of rudimentary RV
(Figure 3E). Hence, the ventricular course of the conduction axis
in double-inlet LV and in ‘tricuspid atresia’ is comparable.

In summary, the cardiac conduction system both in structurally
normal hearts and in malformed hearts shows variability that can
account for some of the rhythm abnormalities. Cardiac surgeons,
electrophysiologists, and other interventionists should be knowl-
edgeable of the locations of the specialized conduction system
whether in repairing the cardiac malformations or in modifying
the sinus or AV nodes.

Pathophysiology and epidemiology
of arrhythmias in children

In children with structurally normal hearts the mechanisms of
arrhythmias are usually the same as that in the adult patient, al-
though certain arrhythmias are particularly associated with young
age and very rarely seen in adult patients. However, accessory
pathways, atrial foci, and dual AV nodal physiology represent the
substrate of the vast majority of paediatric arrhythmias in normal
hearts. Arrhythmias in structural heart disease may be associated
either with the underlying abnormality, or result from surgical
intervention and the chronic haemodynamic stress of congenital

heart disease (CHD) that in combination create an electrophysio-
logical and anatomic substrate highly favourable for reentrant
arrhythmias.

Epidemiology and pathophysiology of
arrhythmias in structurally normal heart
Supraventricular arrhythmias

Population-based study reported a prevalence of supraventricular
arrhythmia (SVA) of 2.25/1000 persons with an annual incidence in
children <19 years of age of 13/100 000. This may underestimate
the true frequency due to the sporadic nature of symptoms in
many patients, and spontaneous resolution of symptoms in infants
never diagnosed as supraventricular tachycardia (SVT). In infancy,
SVT results predominantly from accessory pathways and a small
number of ectopic atrial tachycardia. In teenage life, there is a signifi-
cant increase in the prevalence of atrioventricular nodal reentry
tachycardia (AVNRT) particularly in females.

Atrioventricular reentry tachycardia

Atrioventricular reentry tachycardia (AVRT) is facilitated by a mus-
cular accessory pathway(s) spanning the fibrous AV junction and
providing continuity between atrial and ventricular myocardium,
at a site electrophysiologically distinct from the AV node and prox-
imal His—Purkinje system (AVN/His). Such connections have been
described in the developing human heart, normally regressing by
20 weeks gestation. It has been inferred that failure of these path-
ways to regress forms the substrate for accessory pathways.® Spon-
taneous regression of pathway function in infancy is well
documented, although in what proportion of patients symptoms
redevelop later in life remains uncertain.

The exact epidemiology of accessory pathways (APs) can best
be appreciated by assessment of patients undergoing electrophysi-
ology study and radiofrequency ablation (EPS/RFA).”® Between 55
and 60% of AP(s) will be manifest on the surface electrocardio-
gram (ECG) as varying degrees of ventricular pre-excitation, the
Wolff—Parkinson—White (WPW) ECG pattern or WPW syn-
drome in symptomatic individuals. The degree of pre-excitation
is dependent on multiple factors: the anterograde conduction vel-
ocity of the pathway relative to the AVN/His; the position of the
AP atrial insertion relative to the sinus and AV nodes; intra-atrial
conduction time and refractoriness and the quality of input and
output of the AP ultimately dependent on the spatial-geometric ar-
rangement between the atria and ventricles.

In 10 583 children undergoing EPS/RFA reported by the Paediat-
ric Electrophysiology Society (www.paces.org) between 1991 and
2003,7 AVRT was the mechanism in 67%, of which ~50% of path-
ways were located on the left free wall, 30% on the septum and
20% on the right free wall. Pre-excited tachycardia may occur
during antidromic AVRT but also during AVNRT, atrial flutter
(AFL) or atrial fibrillation (AF) where the AP is a bystander not es-
sential to the arrhythmia mechanism.

Atrial fibrillation in association with accessory pathways

Atrial fibrillation occurs more frequently in patients with manifest
pre-excitation than those with concealed APs. The most common
mechanism of AF initiation is degeneration from AVRT. The im-
portance of AF in association with pre-excitation is the potential
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for rapid anterograde conduction via an AP with a short refractory
period initiating ventricular fibrillation (VF). However, sudden
cardiac death (SCD) secondary to pre-excited AF remains rare.
Detailed analysis of 184 asymptomatic children with WPW ECG
pattern after baseline EPS and a median follow-up of 57 months,
found life-threatening arrhythmias (documented pre-excited AF
with shortest pre-excited R—R interval <250 ms) in 19 (10.3%),
of whom the majority reported atypical or minimal symptoms.
An AP effective refractory period (ERP) of <240 ms and multiple
pathways identified those at highest risk.”

Accessory pathways with unique electrophysiological properties
Atriofascicular (Mahaim) accessory pathways. Atriofascicular pathways
(AFP) are considered a duplicate of the normal conduction system,
with an atrial insertion point on the lateral tricuspid annulus and
distal insertion point at the terminal end of the right-sided con-
ducting system (fascicle). These pathways exhibit slow, decremen-
tal anterograde conduction, such that pre-excitation may be
minimal or absent during sinus rhythm but becomes evident
during atrial pacing or AVRT. The QRS morphology during tachy-
cardia is broad due to anterograde conduction exclusively via the
AFP and retrograde conduction via the true AVN/His or rarely via
a second pathway.

Permanent junctional reciprocating tachycardia. Permanent junctional
reciprocating tachycardia (PJRT) represents a small proportion of
AVRT (2) facilitated by an AP that typically demonstrates only
retrograde, decremental conduction. The AP is most commonly
located in the posteroseptal region close to the coronary sinus
ostium, although may be found at other sites. In tachycardia an-
terograde conduction is via the AVN/His producing a narrow
QRS complex on the surface ECG, with the retrograde P-wave im-
mediately preceding the following QRS due to slow conduction
within the AP (long RP tachycardia). Due to the incessant nature
of PJRT particularly in infants and young children, severe LV dys-
function may be present at diagnosis, which typically resolves
with suppression of pathway activity. Spontaneous AP regression
has been documented in over 20% of children with PJRT.

Atrioventricular nodal reentry tachycardia

The substrate for AVNRT is two electrophysiologically distinct
pathways (dual AV nodal physiology) within the triangle of Koch;
a superiorly and posteriorly located ‘fast’ pathway which demon-
strates rapid impulse conduction but a long ERP and a ‘slow’
pathway located more inferiorly and anteriorly with slower
impulse conduction but shorter ERP.

The most common mechanism of AVNRT in children is antero-
grade slow pathway activation followed by retrograde activation of
the atria via the fast pathway (slow—fast) and anterograde ventricular
activation occurring shortly after via the His—Purkinje system. This
produces a narrow complex QRS tachycardia with P-waves visible
as a discrete deflection in the terminal portion of the QRS
complexin lead V1, and a shortinterval (<70 ms) between the earli-
est ventricular and atrial signals at EPS. In the less common atypical
AVNRT (fast—slow) the circuit is reversed and earliest atrial activa-
tion seen in the low right atrium, producing a long RP tachycardia on
the surface ECG with an inverted P-wave shortly before the follow-
ing QRS complex.

Atrioventricular nodal reentry tachycardia associated with 2: 1
transient conduction block is present in 17% of children during
EPS, a much greater proportion than seen in adults (9%).

Ectopic atrial tachycardia

Ectopic atrial tachycardia is a rare cause of SVT in children
accounting for 3.7-5.7% undergoing EPS,”® although may be
more common in infants. Atrial tachycardia in children is typically
automatic in nature, displaying enhanced phase 4 automaticity
and ‘warm up/cool down’ behaviour often with wide fluctuations
in atrial rate secondary to autonomic tone.'® The mechanism is
typically one of centrifugal atrial activation away from a single
source, although multifocal atrial tachycardia (MAT)/chaotic atrial
rhythm is well recognized and may have the ECG appearance of
different P-wave morphologies or may be indistinguishable from
AF. The site of origin is varied including right and left atrial
appendages, pulmonary vein ostia and crista terminalis. Due to
their incessant nature, LV dysfunction, potentially severe in
nature, is frequently seen. Spontaneous resolution is common in
those presenting <3 years of age (78%), but much less in older
children and adolescents (16%).'""

Junctional ectopic tachycardia

Congenital junctional ectopic tachycardia (JET) is believed to result
from abnormal automaticity at, or close to, the His bundle, and
may accelerate or decelerate in response to automatic tone. An in-
cessant pattern and faster junctional rates are more commonly
seen in those presenting <6 months of age. The ECG typically
shows a rather narrow complex QRS with variable RR intervals,
and either ventriculoatrial (VA) dissociation or less commonly
1:1 VA conduction. Rarely, JET may be associated with AV
block, and a potential role for maternal anti-SSA/anti-SSB has
been suggested. Left ventricular dysfunction was reported in 15
of 94 (16%) children with JET, with fatality seen in 4 patients."?

Atrial flutter

Atrial flutter in children is rare and most frequently seen in the
neonatal period. The ECG appearance of tricuspide isthmus-
dependant flutter is similar to that seen in the adult, with a baseline
of continuous regular atrial activity and morphology suggesting
either clockwise or counter clockwise rotation around the
tricuspid annulus.

Atrial fibrillation

Atrial fibrillation is extremely rare in children and adolescents with
structurally normal hearts and its presence should immediately
warn about the possibility of a genetic origin. It is most typically
associated with organized SVT such as AVRT or AVNRT degener-
ating into AF. Similar to other incessant arrhythmias, persistent AF
in adolescents may lead to LV dysfunction. Rapidly firing atrial foci
(often multiple) located during EPS at the pulmonary veins, crista
terminalis and left atrium have been shown to initiate paroxysms
of irregular atrial tachycardia indistinguishable from AF on the
surface ECG. Irregular atrial tachycardia appears less likely to de-
generate into AF in adolescents compared to adults probably

due to age-related differences in atrial fibrosis and refractoriness.’
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Ventricular arrhythmias

Ventricular tachycardia (VT) is rare in children representing only
1.8% of children undergoing EPS.2 Ventricular tachycardia in chil-
dren is typically associated with a structurally normal heart, al-
though those presenting with VT require careful evaluation for
early manifestations of underlying cardiac disease.

Ventricular tachycardia is well described in infancy, and although
symptoms are less common compared to older children (22 vs.
34%), and may be incessant leading to ventricular dysfunction. In-
fantile VT demonstrates a left bundle morphology suggesting a
RV origin in 86% of cases, and shows a high rate of spontaneous
resolution (89%).

Ventricular outflow tract ventricular tachycardia

Outflow tract VT most frequently originates from the RV outflow
tract, and less commonly the left (including the sinuses of Valsalva),
and represents a clinical spectrum from regular ectopy to
non-sustained and sustained VT. The mechanism is usually adrener-
gically mediated triggered activity caused by cyclic adenosine
monophosphate (cAMP) induced after depolarizations that are
sensitive to fluxes in intracellular calcium. Due to antagonism of
cAMP by adenosine, outflow tract VT is typically adenosine-
sensitive. Symptoms range from absent to severe including
syncope and ventricular dysfunction.™ The 12-lead ECG in VT typ-
ically shows a left (or right) bundle branch pattern and inferiorly
directed axis; the QRS morphology may predict the exact site of
origin, and intracardiac mapping demonstrates a centrifugal
pattern of activation consistent with a focal mechanism. A site of
origin close to the perimembranous septum and electrophysiologi-
cally and anatomically distinct from the His bundle has been
reported in 29% of children with RV VT undergoing EPS. These
types of RV Outflow tract VT should be differentiated from
those seen in arrhythmogenic right ventricular cardiomyopathy
(ARVC), which may at times be difficult.

Fascicular ventricular tachycardia

Fascicular VT is a reentrant arrhythmia that involves the left fasci-
cles (typically posterior, but in rare cases anterior) producing right
bundle branch block (RBBB) QRS morphology and left, superior or
right, inferior axis during VT, respectively. Fascicular VT is highly
sensitive to verapamil (but not adenosine), one of the identifying
characteristics of this arrhythmia, suggesting a calcium-dependent
mechanism. Similar to outflow tract VT, symptoms in children
may be absent or include syncope and tachycardia induced
ventricular dysfunction.

Torsade des pointes

Torsade des pointes (TdP) is a polymorphic VT characterized by a
QRS morphology that appears to rotate around an imaginary base-
line, and is typically associated with congenital long QT syndrome
(LQTS) in children. Torsade is initiated by subendocardial focal
activity commonly manifest as a short-long-short RR pattern on
the surface ECG, followed by successive reentrant excitation of
ventricular myocardium with the classical ECG appearance sec-
ondary to the bifurcation of the rotating wave front as a result
of localized functional conduction block." Torsade frequently ter-
minates spontaneously either due to the development of further

functional conduction block or wave front collision within
ventricular myocardium.

Bidirectional ventricular tachycardia

Bidirectional ventricular tachycardia is the hallmark arrhythmia of
catecholaminergic polymorphic ventricular tachycardia (CPVT), al-
though may also be seen in Andersen—Tawil syndrome and digitalis
toxicity. Bidirectional ventricular tachycardia results from delayed
after depolarization induced triggered activity occurring alterna-
tively in the Purkinje fibres of the right and left bundle branches.'®
The surface ECG displays a characteristic pattern beat-to-beat
180° alteration in QRS polarity consistent with the alternate
sites of Purkinje fibre activation.

Foetal arrhythmias

Many different arrhythmia mechanisms may be identified in the
foetus including AVRT, atrial and JET and TdP secondary to QT
prolongation. Poor rate control precipitates cardiac failure and
hydrops fetalis, frequently associated with a poor prognosis.

Epidemiology and pathophysiology

of arrhythmias in congenital heart disease
Junctional ectopic tachycardia

Junctional ectopic tachycardia is a malignant tachyarrhythmia that
most commonly occurs after surgical correction of congenital
heart defects, although a congenital variant also exists (see above).
It is associated with numerous variables including age less than 1
month, history of cardiac failure, higher body temperature, longer
cardiopulmonary bypass time, type of cardioplegia, higher levels of
post-operative troponin T or creatine kinase, longer ventilatory
support and high inotropic requirement. Post-surgical JET may
occur after any kind of surgery for congenital heart defects;
however, is most frequently observed after closure of a ventricular
septal defect (4%), AV septal defect repair (2%), and complete
repair of tetralogy of Fallot (22%)."

Post-surgical JET is most likely due to enhanced automaticity in
the bundle of His, and several potential aetiologies have been pro-
posed, including (1) placement of suture lines in the area of the AV
node giving rise to haemorrhage, oedema or an inflammatory
response, (2) direct damage to the AV node itself, or (3) longitu-
dinal stretch of the AV node area caused by cardiac surgery
during exposure of a ventricular septal defect and/or resection
of muscle bundles to relieve RV outflow-tract obstruction.

Post-operative atrial arrhythmia

in congenital heart disease

Early post-operative arrhythmia

Tachycardias arising after surgical repair of congenital heart defects
are caused by electro-pathological alterations secondary to the
congenital defect, a consequence of cardiac surgery, or the result
of haemodynamic abnormalities in the post-operative period. In
a large cohort of children (N =580) undergoing paediatric
surgery for CHD, early post-operative arrhythmias occurred in
51,"® including SVT (N=21), JET (N=12), complete atrio-
ventricular block (N=10), VT (N=3) and AF (N =15). Death
occurred in 15 of them. The most important risk factor for
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development of early post-operative tachycardias in this popula-
tion was the type of surgical procedure.

Late post-operative arrhythmia

Late post-operative tachycardias are mainly atrial arrhythmias in-
cluding AFL and intra-atrial reentrant tachycardia, which may
arise months to years after cardiac surgery. They are most often
observed after Fontan, Mustard, and Senning procedure or repair
of tetralogy of Fallot. Atrial reentrant tachycardias also develop
in patients with ventricular septal defect, most likely as a result
of atrial enlargement. Development of late post-operative atrial
tachycardia is additionally influenced by various patient- and
procedure-related variables including the complexity of congenital
heart defects, the number of surgical procedures performed,
haemodynamic status, and time after cardiac surgery. Atrial tachy-
cardia presenting late after surgical repair in this patient group are
typically reentrant in the majority of cases around surgical scars.
Precipitating factors for development of atrial tachycardias in the
setting of congenital heart defects are the presence of prosthetic
materials and electro-pathological alterations of the atrial
architecture.

Arrhythmias in Fontan circulation

The Fontan procedure is aimed at re-directing systemic venous
blood directly into the pulmonary circulation without passing
through the subpulmonary ventricle. This is accomplished by anas-
tomosing the right atrium to the pulmonary artery, either directly
or using a conduit. Early tachyarrhythmias (most typically AFL),
arising during the first 30 days after cardiac surgery are more
common in older patients undergoing surgery.

The most frequent complication observed late after the Fontan
procedure is atrial reentrant tachycardia (AFL, AF, and intra-atrial
reentrant tachycardia). Risk factors for atrial reentrant tachycardias
in patients with Fontan circulation include right atrial enlargement,
elevated atrial pressure, dispersion of atrial refractoriness, sinus
node dysfunction, older age at the time of cardiac surgery, eleva-
tion of pulmonary pressure, low oxygen saturation, preoperative
arrhythmias, and a longer time after cardiac surgery. As time
after cardiac surgery passes by, there is an increase in arrhythmia
propensity; an incidence of 21% has been reported during a follow-
up period of 15 years after the Fontan surgery."”

The presence of conduits, long sutures lines or scar tissue
increase the likelihood of development of intra-atrial reentrant
tachycardias as they can serve as barriers of the reentrant circuits.

Arrhythmias in transposition of the great arteries

Before surgery, a variety of abnormalities in cardiac rhythm have
been observed in children with transposition of the great arteries
including sinus bradycardia, sinoatrial block, sinoatrial VWenckebach
block, junctional escape rhythms, and premature atrial depolariza-
tions. In 1964, the Mustard procedure was introduced as physio-
logic correction of the transposition of the great arteries. This
surgical baffle procedure is extensive and requires long intra-atrial
suture lines. The reported incidence of both bradyarrhythmia and
tachyarrhythmia after this surgical procedure was high (30—100%).
The incidence of SCD was also considerable high, ranging from
2 to 8%. Post-operative tachycardias commonly observed in this

patient group were AFL, AF or ectopic atrial rhythms and are
most likely the result of damage to the (i) sinus node and its
blood supply, (ii) interatrial conduction pathways, (iii) AV node
and its blood supply, and (iv) atrial muscle, caused by the
extensiveness of the surgical procedure.

The frequency of sinus node dysfunction and atrial tachycardias
after the Senning procedure was comparable with the Mustard
procedure. Nowadays, the atrial redirection procedure has been
replaced by an arterial switch operation (Jatene procedure).
Follow-up studies have demonstrated that this surgical technique
is associated with a lower incidence of atrial tachyarrhythmias
(5%) and preserved sinus node function. This may be due to the
fact that the Jatene procedure requires limited operation in the
atria. In addition, the operation is also performed in the neonatal
period and it is therefore less likely that the patient has had a
prior surgical atrial septectomy requiring atrial sutures which
may damage the sinus node or its blood supply.

Arrhythmias in atrial septal defect
Pre-operative atrial tachycardias in children with ostium secundum
atrial septal defects are uncommon. Development of these tachy-
cardias is associated with older age, shunt size, and severity of pul-
monary hypertension. Pre-operative EPSs performed in children
with ostium secundum atrial septal defects revealed sinus node
dysfunction, AV node dysfunction, abnormalities in atrial conduc-
tion, and refractoriness. These electropathological alterations facili-
tate development of reentrant tachyarrhythmias and are most
likely the result of atrial stretch caused by right-sided volume over-
load.?® Early surgery may prevent the occurrence of tachyarrhyth-
mias as it has been shown that electropathological alterations are
partly reversible after surgical repair of the atrial septal defect.
Atrial tachyarrhythmias after surgical repair of atrial septal
defects are frequently encountered complications. In addition to
pre-existing electropathological alterations, damage to atrial
muscle bundles caused by the atrial incisions further facilitates de-
velopment of atrial tachycardias. The incidence of late post-
operative tachycardias in children with ostium secundum atrial
septal defects is variable, ranging from 8 to 71%. It is more fre-
quently observed in patients who also had tachycardias pre-
operatively. Atrial flutter and AF are the most frequently occurring
arrhythmias. Late post-operative tachycardias are more common
in patients who also have an abnormal pulmonary venous drainage.
The occurrence of post-operative arrhythmias is also influenced by
the surgical procedure; a lower incidence of tachyarrhythmias has
been reported after conversion of the cannulation technique from
cannulation through the right atrial appendage to direct cannula-
tion of the superior caval vein. Arrhythmogenecity of cardiac
surgery is supported by studies demonstrating that tachyarrhyth-
mias in children after transcatheter closure of atrial septal defect
are uncommon.

Arrhythmias in tetralogy of Fallot

Surgical repair of tetralogy of Fallot can be performed through
either a transatrial or transventricular approach. The transatrial ap-
proach is nowadays preferably used because it is associated to a
reduced risk of ventricular arryhthmias. In the post-operative
period, SVTs are an important cause of morbidity. They have
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been reported after both transventricular and transatrial repairs of
tetralogy of Fallot. The incidence of SVTs is associated with pul-
monary regurgitation, atrial volume overload, and older age at
the time of surgery or previous palliation with a Waterston or
Potts anastomosis.

Ventricular tachycardias may be the cause of SCD, which occurs
in 1-3% in the operated Fallot patients. Risk factors for develop-
ment of post-operative VTs include older age at intracardiac
repair, longer interval after cardiac surgery, increased RV systolic
pressure, and moderate to severe pulmonary regurgitation or ven-
tricular dysfunction. The ventricular septal defect, ventriculotomy
scar and outflow patch are often part of the reentrant circuit of
ventricular tachyarrhythmias in this patient group.

Post-operative ventricular arrhythmias

in congenital heart disease

Isolated ventricular premature beats frequently occur in the early
period after cardiac surgery and they are often the result of hypo-
kalemia. Sustained VTs are rare and they commonly arise in the
setting of myocardial ischaemia or myocardial infarction. Develop-
ment of VTs are facilitated by disruption of the ventricular myocar-
dium caused by (1) areas of scar due to the ventriculotomy,
(2) fibrotic tissue as a result of long-lasting cyanosis, or (3) valvular
regurgitation causing ventricular dilatation. Ventricular tachycardias
are mainly observed after correction of tetralogy of Fallot and LV
outflow tract defects but they also arise in other type of congenital
defects such as transposition of the great arteries, univentricular
hearts, double-outlet RV, and ventricular septal defects. The re-
entrant circuits of late post-operative VTs involve ventriculotomy
scars or prosthetic materials like patches and conduits. Risk
factors for developing sustained VT are older age at the time of
surgery, longer duration of post-surgical follow-up, poor haemo-
dynamic status, and prolongation of the QRS complex. Ventricular
tachycardias are assumed to be the main cause of SCD observed in
patients with congenital heart defects.

Genetics in paediatric arrhythmias

The role of inheritance in arrhythmias has been largely demon-
strated in genetic as well as in epidemiological studies. Genetic re-
search has shown that inherited arrhythmias can be caused by
mutations in genes mainly encoding four types of proteins: sarco-
meric, which cause mainly hypertrophic cardiomyopathy (HCM);
cytoskeletal, which cause mainly dilated cardiomyopathy (DCM);
desmosomal, which cause mainly ARVC; and ion channels, which
cause electrical diseases (or channelopathies). This last group
includes LQTS, Brugada syndrome (BrS), short QT syndrome
(SQTS), CPVT, and AF. Several of these diseases are highly lethal
in the early years. The use of genetics enables the identification

of mutations responsible for these phenotypes.®’ ~**

Cardiomyopathies

Cardiomyopathies are heart diseases induced by mutations in
genes that encode contractile and structural proteins as well as
proteins for cardiac energy production. They are responsible for
lethal arrhythmogenic disorders in pediatric population, mainly
HCM and arrhythmogenic cardiomyopathy (ARVC).>

Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is one of the most common genetic
cardiovascular disorders, affecting 1 in 500 people in the general
population. Hypertrophic cardiomyopathy is defined by the pres-
ence of asymmetric LV hypertrophy and myocyte disarray usually
affecting the septum. However, HCM is a disease of variable pene-
trance and expressivity, and the disease pattern can range from
severe hypertrophy and disarray to minimal changes, from septal
hypertrophy to other less common forms (apical) and from SCD
to asymptomatic individuals. Nevertheless, HCM is the most
common cause of premature SCD in the young, especially in the
young athlete.® The disease is considered inherited in 90% of
the cases, generally with an autosomal dominant pattern of trans-
mission, except for cases with mutations in mitochondrial DNA
(mtDNA), which have a maternal transmission.””*

Mutations have been described in several genes encoding essential
sarcomeric proteins, heavy chain B-myosin (MYH7) and myosin-
binding protein C (MYBPC3), heavy chain a-myosin (MYHé), tropo-
nin | (TNNI3), troponin T (TNNT2), a-tropomyosin (TPM1), essential
myosin light chains (MYL3), regulatory light chain (MYL2), titin (TTN),
and a-actin (ACTC).?’ Mutations have also been detected in genes
implicated in the metabolism of the heme and Fe*™ group, and in
genes involved in mitochondrial bioenergetics. Genetic studies of
families with LV hypertrophy have shown metabolic cardiomyop-
athies with mutations in the PRKAG2 and LAMP2 genes. Recently, mis-
sense mutations that cause defective interaction between nexilin and
a-actin have been described in HCM. Nexilin (NEXN) is a cardiac
Z-disc protein that has a crucial function to protect cardiac Z-discs
from forces generated within the sarcomere.*

Up until present, mutations have not been thought to predict the
severity of the phenotype because individuals with different degrees
of hypertrophy or with a greater predisposition to sudden death
(SD) may be present in the same family despite carrying the same
mutation. This is due to the intervention of modifying genes and poly-
morphisms, which require more exhaustive studies to achieve a full
understanding. It is assumed that interruption of mitochondrial
energy metabolism in the heart is the cause of HCM in patients
with sarcomeric contraction disruption; this sheds some light on
several clinical observations such as heterogeneity, variability in clin-
ical presentation, and asymmetry in hypertrophy.

Risk stratification for SCD in HCM patients remains at the fore-
front of clinical research. Left ventricle wall thickness z-score >6
and an abnormal blood pressure response to exercise are consid-
ered clinical factors for SD in children. Differentiating HCM from
‘athlete’s heart’ remains a challenge for an important percentage
of cases. Electrocardiogram criteria, echocardiography, and
genetic analysis as well as detraining can successfully resolve
some of these cases.”’

Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy is an inherited
cardiomyopathy characterized by RV dysfunction and ventricular
arrhythmias. Patients with ARVC show fibrofatty replacement of
RV wall. However, ARVC may involve both ventricles and in
very isolated cases only the LV. This pathological alteration is pro-
gressive and will generate RV dysfunction and ventricular arrhyth-
mias, including SCD. The diagnosis of ARVD is based on a series of
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criteria (imaging, electrocardiographic, family history, genetic, and
histological) which define the probability of the individual being
affected.®

About 50% of ARVC cases are familiar with variable penetrance. It
affects ~1/5000 individuals although the prevalence is higher in men
(80%), particularly young athletes. Most cases are diagnosed before
the age of 40. Usually, the individuals affected have symptomatic ven-
tricular arrhythmias that originate in the RV, with syncope and a high
risk of SD. This entity is responsible for 5% of all SCD.

The disease has two different patterns of transmission: auto-
somal dominant pattern (the most common) and an autosomal re-
cessive pattern. The recessive pattern has been reported on the
Greek island (Naxos), giving rise to the Naxos syndrome. This syn-
drome comprises ARVC, palmoplantar keratoderma and typically
curly hair. To date, several genes are described as capable of indu-
cing disease (http:/www.arvcdatabase.info/). Most cases involve
genes encoding proteins responsible for the junctions of interca-
lated discs, especially in desmosome, which led to the appointment
of ARVC as a desmosomal disease with a disorder of the connec-
tions between myocytes.33

The clinical picture may include (i) a subclinical stage hidden
structural defects, during which the affected person may have a
cardiac arrest/SCD as the first manifestation of the disease,
(i) an electrical disorder with palpitations and syncope tachyar-
rhythmias arising the RV, often triggered during stress, and
(i) the failure of the pump of the RV, sometimes severe enough
to require a heart transplant.>* Studies have shown that up to
20% of SCDs may be attributed to ARVD, and it is common in ath-
letes who die suddenly, so strenuous exercise is contraindicated.>

Channelopathies

Channelopathies are heart diseases induced by mutations in genes
encoding cardiac ion channels. They are not associated with struc-
tural cardiac abnormalities and their first manifestation may be
SCD. Moreover, some of these diseases are not accompanied by
changes in the ECG, which makes the diagnosis more difficult.
Given that these diseases are determined by a genetic defect, it
is hoped that genetic testing can contribute substantially to the
diagnosis, prevention and treatment.

In 1976, the first association between SIDS and a cardiac dis-
order, the LQTS was published***” Since this association,
genetic and/or clinical correlations between channelopathies and
SIDS have been found in several studies. To date, up to 35% of
cases of SCD in young people may be caused by a genetic mutation

in ion channels.*®*?

Long QT syndrome

Long QT syndrome is a cardiac channelopathy characterized by a
prolongation of the QT interval. Long QT syndrome is responsible
for ventricular tachyarrhythmias, episodes of syncope, and SD.
Long QT syndrome is one of the leading causes of SD among
young people. It can be congenital or acquired, generally in associ-
ation with drugs and electrolyte imbalance (hypokalaemia, hypocal-
caemia, and hypomagnesaemia). The clinical presentation can be
variable, ranging from asymptomatic patients to episodes of
syncope and SD due to ventricular tachyarrhythmias (TdP) ina struc-
turally normal heart. Prolongation of the QT interval may arise due

to a decrease in the K+ repolarization currents or to an inappropri-
ate delay in the closing of the Na+ channel of the myocy‘ce.40

Inheritance of LQTS can follow an autosomal dominant
(Romano—Ward syndrome) or recessive (Jervell and Lange—
Nielsen syndrome) transmission pattern. To date, more than 600
mutations and splice-site altering mutations have been identified in
14 LQTS-susceptibility or LQTS overlap-susceptibility genes.*' Ap-
proximately a 75% of clinically definite LQTS are caused by muta-
tions in three genes: KCNQ1 (LQT1), KCNH2 (LQT?2), and SCN5A
(LQT3). The remaining 25% have been identified in a variety of ion
channels or channel-interacting proteins.42 The most common
form, LQTS type 1, caused by mutations in KCNQ1 is responsible
for 40—50% of the cases of prolonged QT interval.***

The second most common gene is KCNH2 (HERG, human-ether-
a-go-go-related), that codifies the a-subunit of Ikr. The mutations in
this gene suppose a 35-45% of cases (LQTS type 2)** The
B-subunit is codified by KCNE2 (MiRP1 protein); the mutations
in KCNEZ2 gene induce LQTS type 6, a rare type (<1%) that also
induce a loss of function. KCNET, responsible for 2—5% of cases
(LQTS type 5) can alter both iks and ikr.*’ The KCNJ2 gene is
also implicated in LQTS. It codifies Kir2.1 protein; the mutations
are associated to loss of function (LQTS type 7 or Anderson—
Tawil syndrome). The incidence is very low and infrequently is
associated to SCD.*®

Recently,* ™" it has been associated KCNJ5 gene (Kir3.4 — also
named GIRK4-) to LQTS (LQTS type 13). The mutation induces a
loss of function.>> Mutations in the LQTS give rise especially to a
gain of function in the sodium current (inappropriate prolonged
entry of Na™ into the myocyte), by mutations in SCN5A (LQTS
type 3), the third gene most prevalent in LQTS.>***

Mutations in this gene induce gain of function. The LQTS type
10 is caused by mutations in SCN4B that codifies for (-subunit
of sodium cannel (NaV34). The B-subunit plays a key role both
in the kinetic regulation and in the a-subunit expression of the
sodium channel® In 2008, mutations in SNTA-1 gene were asso-
ciated to LQT (typel12) thought a gain of function of the fast
sodium channel*®*” It encodes al-syntrophin protein. The
LQTS type 9 is caused by mutations in CAV3 gene.58 Mutations
in this gene induce gain of function of sodium channels, similar as
LQTS type3. Calcium channels are also associated to LQTS.
Type 8 LQTS (Timothy syndrome) has been described with a mu-
tation in the CACNA1C gene that encodes the pore (Cav1.2) of the
L-type cardiac calcium channel. This type of LQTS is uncommon,
but it has the highest associated mortality. The mutation induces
an enhanced function with Ica abnormality, and loss of the
channel dependent voltage, leading to a prolongation of the
action po’cen'cia1l.59'60 This gives rise to an ECG with an extremely
long QT interval. Recently, a long QT interval was also associated
with a patient that showed a mutation in the cardiac ryanodine re-
ceptor gene RYR2;:®" however, further studies were required in
order to clarify this case report. The type 11 LQT is a disorder
of the QT interval caused by a mutation in AKAP9 gene, which
encodes the protein kinase-A anchor protein-9. The severity of
this type of QT may vary; the most common symptoms are angina,
partial or total loss of consciousness and in some cases the SCD.*
There are other genes as ANKZ, which is involved in type 4 LQT syn-
drome. Although not specific to a channel is included in the group of
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channelopathies. This gene encodes the protein ankyrin-B which is
to adapt different structures in the cell membrane as the Na/K
ATPase, Na/Ca and inositol triphosphate receptor. A decrease in
the role of ankyrin-B alters calcium homeostasis prolonging repolar-
ization and fatal ventricular arrhythmias generated.**~>"The syntro-
phins are cytoplasmic proteins that are part of the protein complex
associated with dystrophin.

Short QT syndrome

The SQTS—first described in 20004*—is a highly malignant condi-
tion characterized by a short QT interval (<330 ms), with a high
sharp T-wave and a short interval between the peak and the end
of the T-wave, leading some clinical manifestations from lack of
symptoms to recurrent syncope, and high risk of SCD.**~%¢
because of ventricular arrhythmias, but AF is also commonly
seen in patients with SQTS.6”*® Clinical manifestations may
appear as early as childhood, and so it is considered a possible
cause of SD in nursing infants.**”°

The genetic origin of this condition has been reported recently,
with an autosomal dominant pattern of transmission and a high
penetrance. The mutations that induce this syndrome are located
on six genes, of which three (KCNQ7T, KCNJ2, and KCNH2)
encode potassium channels, with enhanced function and, there-
fore, shortened repolarization. The origin of this entity has been
recently described, with autosomal dominant inheritance pattern
and high penetrance. The SQT syndrome type 1 has been asso-
ciated with two mutations in KC(NH2 (hERG protein) that induce
a rapid activation of potassium currents, with a gain of function
of IKr and a shortening of ventricular action potentials. Generally,
cardiac events are associated with adrenergic in situations such as
noise or exercise, but also occurred at rest.”’

The SQT syndrome has been associated with AF in some fam-
ilies.”* The SQT syndrome type 2 has been associated with two
mutations in the gene KCNQ7 (KvLQT1 protein) which leads to
a gain of potassium channel function, leading to a shortening of
action potential with AF. There is a particular entity, by affecting
the same gene that is expressed in uterus in the form of bradycardia
in the neonatal period was diagnosed as AF and SQTS.”®> The
SQTS type 3 has been associated with a mutation in the gene
KCNJ2 (Kir2.1 protein) located on chromosome 17, involving a
speeding of phase 3 of action potential, resulting in a gain of func-
tion.”* Recently, it has been published a relation between
CACNA2D1 and SQTS.75 However, more studies must be per-
formed to establish a clear clinical-genetic association.

Brugada syndrome

Brugada syndrome is a hereditary disease responsible for VF and
SCD in the young. The disease is characterized by the presence of
RV conduction abnormalities and coved-type ST-segment elevation
in the anterior precordial leads (V1 to V3). Brugada syndrome has a
structurally normal heart, although minor structural alterations have
been described in some cases. The prevalence of BrS is estimated at
around 35/100 000 person/year. Although the mean age of onset of
eventsis ~40years, SCD can affect individuals of any age, particularly
men (75%). In fact, the first two patients ever described with the syn-
drome were children aged 2 years old. Of those patients affected,
20-50% have a family history of SCD.”®””

To date, 12 genes have been associated to BrS. Approximately
20-30% of patients with BrS have a mutation in the SCN5A
gene, classified as BrS type 1. The SCN5A gene (a-subunit of the
cardiac sodium channel) is responsible for the phase 0 of the
cardiac action potential, a key player in the cardiac electrical activ-
ity. Mutations in SCN5A result in ‘loss of function’ of the sodium
channel.”® Another sodium channel that has been reported to
induce BrS is GPD1-L gene. It has been shown that mutation of
the GPD1-L gene reduces the surface membrane expression and
reduces the inward sodium current. In addition, GPD1-L has been
shown to be the cause of some of the SCD in nursing
infants.””® In addition, it has been published mutations in SCN1B
(sodium channel B-1 subunit) and SCN3B (sodium channel -3
subunit) also associated to BrS.2"#?

In the heart, B1-subunit modifies Nav1.5 increasing Ina.. The mu-
tation described in SCN3B alters Nav1.5 trafficking, decreasing I\a.
Other gene associated to BrS is KCNE3 that codify MiRP2 protein
(B-subunit that regulates the potassium channel I,). The KCNE
peptides modulate some potassium currents in the heart. The
KCNE3 gene encodes the regulatory subunit of the potassium
channel l,. The relationship between mutations in this gene and
the BrS were detected in a Danish family.®®

Mutation in the CACNATC gene is responsible for a defective a
unit of the type-L calcium channels. This induces a loss of
channel function, linked to the combination of BrS with shorter
QT interval. Transmission follows an autosomal dominant
pattern. With the same phenotype, mutation of the CACNB2B
gene leads to a defect in the L-type calcium channel, giving rise
to a combination of BrS and shorter QT interval. In 2009 was asso-
ciated BrS to HCN4 gene,®* that codifies for HCN4 channel or If
channel. The HCN4 channel controls the heart rate, and its muta-
tions also predispose to inherited sick sinus syndrome and LQTS
associated with bradycardia. Another gene described associated
to BrS is KCNJ8, also previously related to early repolarization syn-
drome (ERS).2® The report implicate KCNJ8 as a novel J-wave syn-
drome susceptibility gene and a marker gain of function in the
cardiac Karpy Kiré.1 channel.2¢ Recently, Kattygnarath et al..” pub-
lished a study supporting that MOG1 gene can impair the trafficking
of Nav1.5 to the membrane, leading to Iy, reduction and clinical
manifestation of BrS. Also in 2011, Giudicessi et al. provide the
first molecular and functional evidence implicating novel KCND3
gain-of-function mutations (Kir4.3 protein) in the pathogenesis
and phenotypic expression of BrS, with the potential for a lethal
arrhythmia being precipitated by a genetically enhanced I
current gradient within the RV where KCND3 gene expression is
the highest. Finally, and also in 2011, it is published a study recom-
mending KCNE5 gene screening for BrS or Idiopathic ventricular
fibrillation (IVF)-affected patients. Therefore, KCNE5 gene modu-
lates l, and its novel variants appeared to cause IVF especially
BrS in male patients through gain-of-function effects on Io.%®

Catecholaminergic polymorphic ventricular tachycardia

In 1975, CPVT was first reported.®” Catecholaminergic poly-
morphic ventricular tachycardia is a heritable arrhythmia syn-
drome triggered by adrenergic stimulus and mainly expressed
during exertion, extreme stress or emotion. It occurs mainly in
children and adolescents and is increasingly recognized as a
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cause of unexplained SCD in young individuals in the absence of

any other structural heart disease, predominately in young males.
Diagnosing CPVT can be difficult especially in young children.
When presumptive symptoms are encountered, an exercise
ECG, and 24 h Holter monitoring can be very useful in young,
physically active children since CPVT cannot be diagnosed by a
resting ECG or other cardiologic studies. Catecholaminergic
polymorphic ventricular tachycardia is associated with a com-
pletely normal resting ECG and is electrocardiographically sus-
pected by significant ventricular ectopy following either
exercise or catecholamine stress testing. It was once thought
to manifest only during childhood (from 7 to 9 vyears), but
more recent studies have suggested that the age of first presen-
tation can vary from infancy to 40 years of age.*®°

Three genetic variants have been identified, an autosomal dom-
inant one caused by mutation in the gene encoding the ryanodine
receptor RYRZ and a recessive one, caused by mutation in the cal-
ciquestrin isoform gene (CASQ2.>>""). Both genes are implicated in
regulating intracellular calcium and both types of defect lead to
increased function of these proteins, and so outflow of calcium
from the sarcoplasmatic reticulum is increased. This excess
calcium is associated with abnormalities in the sarcolemmal mem-
brane potential, leading to late depolarizations that cause a predis-
position to arrhythmias. Similarly, some patients diagnosed with
CPVT type 3 on the basis of the presence of bidirectional VT on
exercise have been identified as possessing KCNJ2 mutations,
which are associated with the rarely lethal Andersen—Tawil syn-
drome (ATS1, LQT7).” The misdiagnosis of Andersen—Tawil syn-
drome as the potentially lethal disorder CPVT may lead to a more
aggressive prophylactic therapy [i.e. implantation of an implantable
cardioverter defibrillator (ICD)] than necessary. Genetic testing
may provide a clear differential diagnosis between atypical LQT1
and CPVT and between CPVT and ATS1.”

In the absence of treatment, the mortality rate in CPVT is very
high, reaching 30—50% by the age of 20—30 years. The earlier the
episodes appear, the poorer the prognosis and there is a correl-
ation between the age at which the first syncope occurs and the
severity of the disease.

Atrial fibrillation

Atrial fibrillationAF is the most common arrhythmia encountered in
the adult population. However, in the young, AF is rare, and usually
associated with CHD. There is a small subgroup of the population
who may present with lone AF at a very young age. In this subset
of patients, a genetic cause should be suspected. Most of the genes
associated with familial AF are ion cannels, especially potassium
channels (KCNQ1, KCNH2, KCNJ2, KCNE2, KCNE3, and KCNES),
sodium current-related channels (SCN5A, SCN1B, SCN2B, and
SCN3B) and connexions (GJA5). These mutations will alter current
generation and transmission and will potentiate the development

of reentrant circuits at the atrial level.”*?

Idiopathic ventricular fibrillation

Idiopathic ventricular fibrillation (IVF)—spontaneous VF without
identifiable structural or electrical heart disease—may account
96-98

for up to 10% of SD in the young.

Haplotype-sharing analysis has identified a genetic basis for
IVE”? The shared chromosomal segment contained the DPP6
gene, which encodes a putative regulator of the transient
outward Ito current. DPP6 mRNA levels were increased 20-fold
in hearts of human carriers in one study.'® To date, this seems
to be a founder risk locus, but nonetheless it suggests that an in-
crease in DPP6 imparts a higher risk for VF. Furthermore, previ-
ously thought to be a benign and common ECG finding present
in up to 5% of the population, three separate case—control
studies.’®' 1% suggest that -point elevation’ (manifested either
as terminal QRS slurring or notching, or ST-segment elevation
with upper concavity and prominent T-waves in inferolateral
leads) is significantly more prevalent (16—60%) in patients with
IVF. Mutations in genes encoding subunits of the L-type Ca2
channel (CACNATC, CACNB2, and CACNA2D1)'®* and a subunit of
the KATP channel encoded by KCNJ8 have been implicated in
this new ‘J-wave syndrome’ or ERS."®

Lev-Lenégre syndrome

Lev—Lenégre syndrome [also called progressive cardiac conduc-
tion disease (PCCD)] is a rare entity characterized by disruption
of the conduction system, in which a block gradually develops,
resulting in ventricular arrhythmias or asystolia."®'"” The
amount of sodium and the speed with which it enters the cell de-
termine the velocity of conduction of the electric impulse through
the sodium-dependent cells (muscle cells of the ventricle and
atrium and cells of the His—Purkinje system). If a mutation leads
to a reduction in the quantity of sodium that enters the cell, the
velocity of conduction of the impulse is reduced resulting in a
loss of function in phase O of the action potential (channel
opening). In 1995, chromosomal abnormalities (19q13.2—13.3)
associated with bundle branch block were reported.’® In 1999
the first mutation was described, located on the SCN5A
gene.'®” "% In addition, it has been described two loss-of-function
mutations in SCN18%" and mutations in NKX2.5 gene (5q35) that
codify the transcription factor NKX2.5 (also named CSX)""" The
conduction block is due to a congenital heart defect. Recently, it
has also been described a mutation in TRPM4 gene (19q).""% The
TRPM4 gene is a causative gene in isolated cardiac conduction
disease with mutations resulting in a gain of function and TRPM4
channel being highly expressed in cardiac Purkinje fibres.

Sick sinus syndrome

Sick sinus syndrome (SSS) encompasses various forms of arrhyth-
mia that result from sinoatrial node dysfunction. Patients may suffer
from syncope and require lifelong pacemaker therapy. Heritable
SSS is associated with loss-of-function mutations in SCN5A, and
often linked to compound heterozygous mutations in patients
with severe symptoms at relatively young age,113 Not surprisingly,
SSS may manifest concomitantly with other phenotypes that
are linked to SCN5A loss-of-function mutations (i.e. BrS and
PCCD)'"- "¢ LQT-3 patients with SCN5A

gain-of-function mutations may also suffer from sinus bradycardia
117

Interestingly,

and sinus arrest.

Pacemaker cells in the sinoatrial node reach the voltage range
for the sodium window current during action potential phase
4. In addition to their contribution to cardiac pacemaker activity,
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sodium channels also play an essential role in the propagation of
action potentials from the central area of the sinoatrial node
through its peripheral regions to the surrounding atrial muscle.''®

Wolf-Parkinson—-White syndrome

The WPW syndrome is characterized by a double excitation of the
heart induced by pre-excitation (antesystole) along existing acces-
sory excitation pathways bypassing the normal, i.e. orthodromic,
AV conduction pathway. The additional AV connection fulfils the
anatomic and functional requirements for movement or reentry.
Clinically, this usually takes the form of (supraventricular) reentry
tachycardia via the atrium, AV node, ventricle, accessory bundle,
and atrium. Each case of WPW is highly individual and can have
a variety of manifestations.

The WPW syndrome is the second most common cause of
SVAs in the Western world. Familial appearance of WPW syn-
drome is rare and displays an autosomal dominant inheritance
associated with HCM. Several mutations in PRKAG2 have been
identified.""® Recently, it has been reported a novel genomic dis-
order with WPW associated with a deletion of BMP2 gene.'®

Pharmacological treatment

Antiarrhythmic drug therapy in children
without documented arrhythmias

As a general rule, the prescription of antiarrhythmic drugs requires
a clear diagnosis with electrocardiographic documentation of a
given arrhythmia. Thus the sole complaint of palpitations or
other symptoms evoking the suspicion of a possible underlying ar-
rhythmia is not a sufficient reason to give antiarrhythmic drugs.
Risk—benefit analysis of drug therapy is not possible in case of un-
documented rhythm disorder, and no situation can be imagined
where diagnosis cannot be clearly made by any of the currently

available event recording systems in a patient with symptoms
occurring frequently enough to consider drug therapy.

Antiarrhythmic drug therapy in children
with documented narrow QRS
tachycardia

Acute treatment of narrow QRS tachycardia

Diagnosis of the underlying pathophysiologic mechanism of the
tachycardia is important for therapeutic decisions. Thus a 12-lead
ECG must be obtained prior to therapy. Except for some very
rare exceptions of narrow QRS VT in infancy, the overwhelming
majority of regular narrow QRS tachycardias are of supraventricu-
lar origin, less frequently junctional. The vast majority of these
tachycardias are AVRTs with a large predominance of accessory
pathway-mediated tachycardias in infancy and early childhood,
with increasing incidence of AV nodal tachycardias at later stages
of paediatric age groups.'”' The differential diagnosis to other
tachycardia mechanisms can be established by identifying the
P-wave and its relationship to the QRS.'*

The recommendation for acute termination of narrow complex
tachycardia in the stable patient is to first use vagal manoeuvres
(e.g. ice immersion, gastric tube insertion in infants, Valsalva, and
head stand in older children) prior to the administration of antiar-
rhythmic drugs, as it is effective in a considerable proportion of
patients. In case of failure intravenous adenosine would be the
drug of choice." In some instances transoesophageal atrial over-
drive pacing may be used, while the use of synchronized electrical
cardioversion should be limited to the critically ill haemodynamic-
ally compromised patient (Table 7). The efficacy of adenosine is
dose-dependent and lower starting doses than indicated in
Table 1 have been shown to result in an insufficient rate of success-
ful tachycardia termination.'”* Due to its short half-life, adenosine
may only cause a short interruption of tachycardia with rapid re-
currence, in which case adenosine may be repeated or an

Table I Recommendations for acute treatment of haemodynamically stable regular narrow QRS tachycardia in infants

and children

Druglintervention Dosage (iv) Class Level
Vagal manoeuvres Ice immersion, gastric tube insertion in infants, | B
Transoesophageal atrial overdrive pacing® Valsalva, and head stand in older children | B
Adenosine Rapid bolus starting dosages: B
For infants: 0.15 mg/kg. |
For >1 year of age: 0.1 mg/kg |
Increasing dosage up to 0.3 mg/kg.
Verapamil®* 0.1 mg/kg slowly over 2 min | B
Flecainide® 1.5—-2 mg/kg over 5 min lla B
Propafenone® Loading: 2 mg/kg over 2 h lla B
Maintenance: 4—7 ug/kg/min
Amiodarone Loading: 5—10 mg/kg over 60 min. llb B

Maintenance infusion:5—15 pg/kg/min

iv, intravenously; Class, recommendation class; Level, level of evidence.
*Most effective if AV reentrant tachycardias or atrial flutter.
Myocardial depressant effect.

“Contraindicated in infants <1 year of age.
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antiarrhythmic drug with longer half-life should be used. Induction
of AF with rapid conduction to the ventricles related to enhanced
accessory pathway conduction may occur after administration of
adenosine,'*® thus appropriate monitoring and precautions to
treat such complications in an adequate setting are mandatory.
Intravenous drugs alternative to adenosine for immediate tachycar-
dia termination are flecainide, propafenone, and procainamide.
Especially in infancy, amiodarone is also used for termination,
although it may take hours until successful conversion to sinus
rhythm occurs and is therefore mostly used as a last resort medi-
cation.'?® Verapamil may be given in older children but is contra-
indicated in infants <1 year of age as it has been described that
this may lead to cardiovascular collapse.'”” Dosing recommenda-
tions of these drugs are shown in Table 1.

Prophylactic antiarrhythmic drug treatment of narrow
QRS tachycardia

In the paediatric population, the highest incidence of SVT is in new-
borns and young infants. Long-term treatment has to take into
account that a majority of these patients will have only a few epi-
sodes of SVT with a ‘growing out’ during the spontaneous course
of the disease, and invasive therapy is thus limited to the rare
patient with drug-refractory disease and life-threatening condi-
tions. Prophylactic antiarrhythmic drug therapy is given only to
protect the child from recurrent SVT during this time span until
the disease will eventually cease spontaneously, usually early in
the first year of life. Most clinicians have adopted a strategy
of giving prophylactic antiarrhythmic drugs during the first 6—12

128,129

months of life, without clear evidence for which could be

the optimal approach.

Almost all antiarrhythmic drugs have been tried for the prophy-
lactic treatment of SVT in infants, but the evidence for efficacy and
safety is based on observational studies only and are mostly retro-
spective in nature. In recent years, the management for the preven-
tion of SVT recurrences has shifted towards the use of Class lll
antiarrhythmic drugs (sotalol and amiodarone) or Class IC drugs
(flecainide and propafenone), with comparable success rates as
with digoxin and beta-blocking agents (propranolol), but with
proarrhythmic effects mainly observed for flecainide and sotalol.
Various combinations of the aforementioned drugs have been
documented to be effective in the therapy of SVT refractory to
a single-drug management.'*° Drug interactions have to be consid-
ered in case of antiarrhythmic drug combinations. Table 3 gives
an overview of drugs used for the prophylactic management of
paediatric SVT.

For patients with SVT episodes recurring after 1 year of age or
with the first manifestations beyond im‘ancy,131 ‘growing out’ of
SVT will become much less likely and a long-term management
strategy has to be individualized for the patients according to the
severity of symptoms and frequency of episodes. No treatment
is justified in case of rare and short events with good clinical toler-
ance, lack of pre-excitation and a normal structured heart. All
patients should be instructed how to terminate their SVT
episode using a Valsalva manoeuvre. Periodic treatment
(‘pill-in-pocket approach’) is an option for rare but well tolerated
and long-lasting episodes of SVT, such as AVNRT, and has been
adopted with limited data supporting its efficacy.”** A single oral
dose of a drug that has a short time to take effect is administered
only during an episode of tachycardia for its termination when
vagal manoeuvres alone are not effective. Patients should be free
of significant LV dysfunction, sinus bradycardia, or preexcitation.

Table 2 Recommendations for acute treatment of wide QRS tachycardia in infants and children

Wide QRS tachycardia Drugl/intervention (dosages see Table 1). Class Level
Wide QRS tachycardia of unknown mechanism Electrical cardioversion | C
Lidocaine iv bolus starting at 1 mg/kg (up to 3 doses in 10 min interval); lla C
followed by infusion of 20—50 wg/kg/min
Amiodarone iv loading: 5—10 mg/kg over 60 min, followed by Ilb
maintenance infusion of 10 mg/kg/day (5—15 pg/kg/min).
Procainaimide iv IIb
Esmolol iv bolus 500 pg/kg lIb
Magnesium sulphate iv lIb
Antidromic tachycardia, pre-excited AF Electrical cardioversion | B
Flecainide iv lla C
SVT with bundle branch block See table for acute treatment of SVT
Monomorphic ventricular tachycardia Electrical cardioversion | C
Propranolol iv IIb C
Lidocaine iv
Sotalol iv
Polymorphic ventricular tachycardia Electrical cardioversion | C
Propranolol iv IIb C
Deep sedation or general anesthesia IIb C
Potassium and magnesium iv. IIb C

iv, intravenously; Class, recommendation class; Level, level of evidence; AF, atrial fibrillation; SVT, supraventricular tachycardia.
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Table 3 Suggested doses and main side effects/precautions for commonly used oral prophylactic antiarrhythmic drugs

for SVT and VT in infants and children

Drug Total daily dosage per Main contraindications and precautions Features prompting AY nodal
body weight divided in lower dose or slowing
X doses discontinuation
Digoxine Bradycardia Moderate
Propranolol  1-3 mg/kg in 3 x daily Asthma bronchiale Bradycardia Moderate
Atenolol 0.3-1.3 mg/kg in 1x daily ~ Asthma bronchiale Bradycardia Moderate
Verapamil 4-8 mg/kg in 3x daily Myocardial depressant effect Bradycardia Marked
Flecainide 2—-7 mglkg in 2x daily Contraindicated if creatinine clearance <50 mg/mL or QRS duration increase None
reduced LVEF. Caution if conduction system disease. >25% above baseline
Propafenone 200—600 mg/m? or Contraindicated if reduced LVEF. Caution if conduction QRS duration increase Slight
10-15 mg/kg in 3 x daily system disease and renal impairment. >25% above baseline
Sotalol 2—-8 mg/kg in 2x daily Contraindicated if significant LV hypertrophy, systolic HF, ~ QT interval >500 ms Similar to
pre-existing QT prolongation, hypokalaemia, creatinine high-dose

Amiodarone

Loading: 10 mg/kg for
10 days. Maintenance:

clearance <50 mg/mL and asthma bronchiale. Moderate

renal dysfunction requires careful adaptation of dose
Caution when using concomitant therapy with

QT-prolonging drugs, HF. Dose of vitamin K antagonists

QT interval >500 ms

beta-blockers

Slight

5 mg/kg in 1x daily

and of digitoxin/digoxin should be reduced.

LVEF, left ventricular ejection fraction; HF, heart failure.

A single oral dose of diltiazem (120 mg) plus propranolol (80 mg)
was superior to both placebo and flecainide (~3 mg/kg) in sequen-
tial testing in 33 adolescents and young adults with paroxysmal
SVT, in terms of acute conversion to sinus rhythm."** Favourable
results using single oral dose of sotalol has also been reported.®*
Beta-blocking agents, combined with a Class Il antiarrhythmic
effect, such as sotalol or the Ca channel blocking agent, verapamil
are the most widely used drugs for this strategy (Table 3).

Chronic treatment is to be considered in the first few years of
life in case of poorly tolerated symptoms and frequent attacks
until the patient reaches the age at which nowadays elective inva-
sive and curative treatment with ablation can be recommended
(Table 4). In children >5 years of age, with a long-lasting history
of SVT episodes, invasive curative treatment may be preferred
over chronic antiarrhythmic medication, given safety and efficacy
of ablation in the current era (Tables 3 and 4). The choice
between drugs and ablation relates to the location of the arrhyth-
mia to be treated, and the body weight of the patient.

Antiarrhythmic drug therapy in children
with documented wide QRS tachycardia

Ventricular tachycardia affects all age groups, including newborns
and small children. Potentially detrimental, VT should always be
considered when facing any wide QRS tachycardia and treatment
should be directed as for VT unless proven otherwise, as the
potential harm of treating an SVT as a VT is very little compared
with the converse.

Acute treatment of wide QRS tachycardia

Sustained wide QRS tachycardia requires immediate treatment. If
the patient is haemodynamically unstable, electric cardioversion
is always the first therapeutic option, at a starting energy of

1-2)/kg body weight. The energy should be doubled for each
attempt if electric cardioversion is unsuccessful.

If the patient is stable, pharmacological treatment can be tried,
starting with a bolus injection of lidocaine followed by an infusion
(Table 2). If ineffective, mostly in reentrant VTs, the next step is a
loading dose of amiodarone, followed by an infusion. As an alter-
native to amiodarone one may try esmolol in bolus together
with magnesium sulphate provided that antidromic conduction
through an accessory AV pathway has been excluded. Electrical
cardioversion should always be considered even in stable patients.

Prophylactic antiarrhythmic drug treatment of wide QRS
tachycardia

Prophylactic antiarrhythmic treatment of a wide QRS tachycardia
should be directed to the specific diagnosis.

Acute and prophylactic antiarrhythmic
drug therapy of supraventricular
tachyarrhythmias

Sinus tachycardia

Inappropriate sinus tachycardia

Inappropriate sinus tachycardia (IST), defined as a heart rate out of
proportion to physiological need and after exclusion of other
primary disease states leading to sinus tachycardia (e.g. thyroid dys-
function, cardiac dysfunction, anaemia, infection, pheochromocy-
toma and others) is a very rare disease in children and adults.
The 12-lead ECG shows P-waves identical to the ones observed
in sinus rhythm. Whereas in adults there are heart rate cut-off
values for IST,"® no such values exist in the growing child.
Current understanding of this condition is incomplete and treat-
ment usually consists of a beta-blocking agent, and more recently
in adults good results were achieved with ivabradine. There is
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Table 4 Indications for catheter ablation and oral prophylactic antiarrhythmic drugs for recurrent SVT or VT

Clinical situation

WPW syndrome and episode of aborted SCD

WPW syndrome and syncope combined with preexcited RR interval during AF

<250 ms or antegrade APERP during PES <250 ms

Incessant or recurrent SVT associated with ventricular dysfunction

Recurrent monomorphic VT with haemodynamic compromise and amenable to

catheter ablation

WPW syndrome and recurrent and/or symptomatic SVT and age >5 years

WPW syndrome and recurrent and/or symptomatic SVT and age <5 years

WPW syndrome and palpitations with inducible sustained SVT during EP test,

age >5 years

Single or infrequent SVT (no pre-excitation), age >5 years

SVT, age >5 years, chronic AA therapy has been effective in control of the arrhythmia
SVT, age <5 years (including infants), when AA medications, including Classes | and Il

are not effective or associated with intolerable side effects

Asymptomatic preexcitation, age >5 years, no recognized tachycardia, risks and

benefits of procedure and arrhythmia clearly explained
Asymptomatic preexcitation, age <5 years

SVT controlled with conventional AA medications, age <5 years

Idiopathic monomorphic ventricular tachycardia

Recommendation Class Level Reference

Catheter ablation | C
Catheter ablation | C

Catheter ablation | C
Catheter ablation | C

Catheter ablation
Flecainide, propafenone
Sotalol

Amiodarone

Flecainide, propafenone | C
Sotalol lla
Catheter ablation 115}
Amiodarone lIb
Catheter ablation | C
Flecainide, propafenone |
Sotalol |
Amiodarone llb
None | C
Valsalva maneuver |
‘Pill-in-Pocket’:a lla

Flecainide (3 mg/kg),

Diltiazem (120 mg) +

Propranolol (80 mg)

Sotalol
Beta-blocking agents I
Catheter ablation 115}
Catheter ablation lla C
Catheter ablation lla C

Catheter ablation llb C
Any AA drug 1]

Catheter ablation 1] C
Any AA drug Il

Catheter ablation 1] C

0

Propranolol lIb 167,170
Sotalol

Flecainide, propafenona lla C

Verapamil

Procainamida

Amiodarone

WPW, Wolff—Parkinson—White; SVT, supraventricular tachycardia; LV, left ventricular; SCD, sudden cardiac death; AF, atrial fibrillation; APERP, accessory pathway effective
refractory period; PES, programmed electrical stimulation; EP, electrophysiological; AA, antiarrhythmic; level, level of Evidence; Class, recommendation classification.

?Patients should be free of significant LV dysfunction, sinus bradycardia, or pre-excitation.

almost a complete lack of data (except for anecdotic) with regard
to treatment in the paediatric age group.

Sinus node reentry tachycardia

Sinus node reentrant tachycardia (SNRT) is exceedingly rare in
paediatrics and then mostly occurring in patients with structural
heart disease.”* It is characterized by an inappropriate tachycardia
with a P-wave axis and morphology identical to that seen during
sinus rhythm. Digoxin has been reported to be effective in treating

SNRT,"** but data to support clear treatment recommendations of
SNRT in childhood is lacking.

Atrioventricular nodal reentrant tachycardia

Atrioventricular nodal reentry tachycardia most often presents
after 5 years of age with a gradual increase in frequency with
advancing age,'”" whereas it is an uncommon (10%) arrhythmia
in infants."*

The decision to choose drug therapy or to proceed with abla-

tion as initial therapy is related to the patient’s age, frequency
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and duration of tachycardia, tolerance of symptoms, effectiveness
and tolerance of antiarrhythmic drugs, and the presence of con-
comitant structural heart disease. Patients who successfully can
terminate their tachycardia using vagal manoeuvres and experience
infrequent minimally symptomatic tachycardia episodes can prefer-
ably remain off drugs.

For patients with frequent, recurrent sustained episodes of
AVNRT there is a spectrum of antiarrhythmic agents available.
Standard therapy includes non-dihydropyridine calcium-channel
blockers and beta-blocking agents although multicentre, rando-
mized, placebo-controlled studies of long-term efficacy of antiar-
rhythmic agents are lacking. In a long-term prospective study,
once-a-day oral atenolol started as a mono-therapy in 22 children
<18 years of age with clinical SVT was effective in 59% of
patients.”*® In patients who do not respond to AV-nodal-blocking
agents and who do not have structural heart disease, the Class IC
drugs flecainide and propafenone are the preferred choices
(Tables 3 and 4). Class IC drugs should be combined with a beta-
blocking agent to enhance efficacy and reduce the risk of
one-to-one conduction over the AV node if AFL occurs. In most
cases, Class Il drugs, such as sotalol or amiodarone, are
unnecessary.

Because drug efficacy is in the range of 30 to 50%, catheter
ablation may be offered as the first-line therapy for older chil-
dren with frequent episodes of tachycardia and low risk of AV
block or in case treatment with AV nodal blocking agents fails.
The decision is mainly related to patient preference, likely
affected by lifestyle issues (competitive athlete), aversions with
regard to an invasive procedure or the need for lifelong drug
therapy.

Junctional tachycardias

Junctional ectopic tachycardia

Junctional ectopic tachycardia in children is mainly seen in the early
post-operative period after surgery for CHD, preferentially in
infants, and is then a self-limiting arrhythmia with resolution
within a few days but requiring aggressive management due to
the haemodynamically unstable condition of the patient. A large
spectrum of antiarrhythmic drugs has been tried among which
amiodarone is preferred because of its good efficacy in slowing
of the heart rate during JET. Noteworthy, 62% of patients in that
study required drug combination therapy to successfully slow
JET, and conversion to sinus rhythm was achieved in only 11%
by drugs alone. Mortality was 4% and was only observed among
infants,'” which however compares very favourably with the
reported 35% mortality in the pre-amiodarone era."®” Final cure
was achieved with ablation which was required in a substantial
number of patients. Amiodarone, given intravenous or orally
according to severity of symptoms, is therefore recommended as
the first line therapy for JET. In case of unsatisfactory response, a
combined therapy with digoxin, beta-blocking agent or flecainide
is recommended (Class |, Level B).

Permanent junctional reciprocating tachycardia

Permanent junctional reciprocating tachycardia is caused by a rare
form of accessory pathway with decremental conduction proper-
ties and located in the posteroseptal region. It is a long R-P

tachycardia with typical deep inverted retrograde P-waves in the
inferior leads I, lll, and aVF. Spontaneous resolution of PJRT has
been observed but occurs infrequently. Several retrospective mul-
ticenter studies have evaluated the efficacy of medical therapy
which varied considerably and ranged between 40 and 85% with
best response to amiodarone and verapamil (both eventually com-
bined with digoxin) and to Class IC drugs flecainide and propafe-
none with partial or total response to treatment in 60 and 66%,
respectively. The studies are difficult to compare related to vari-
ation in the definition of treatment success or partial response.
Of note is that a considerable proportion of patients finally
required an invasive ablation procedure to control the tachycar-
dia.*® As this form of tachycardia frequently leads to
tachycardia-induced  cardiomyopathy, once diagnosed, the
medical treatment should be initiated without delay using any of
the aforementioned drugs as first choice (Class I, Level B)."3*'°

Accessory pathway-mediated tachycardias

Atrioventricular reentrant tachycardia, using an accessory pathway,
often presents during the first year of life with subsequent peaks of
presentation near the end of the first decade and in the mid-teen
years. Over 90% of patients with Wolff—Parkinson—White syn-
drome diagnosed in infancy have remission of tachycardia episodes
by 18 months of age with tachycardia recurrence later in life."*"*?
The SVTs presenting after the age of 5 years tend to persist with
recurrence of tachycardia episodes.’®

If an accessory pathway has a short anterograde refractory
period, a rapid conduction to the ventricles may occur during
AF resulting in subsequent degeneration into VF. Atrial fibrillation
can thus be a potentially life-threatening arrhythmia in patients
with WPW syndrome. The incidence of sudden death in a
cohort of paediatric and adult WPW patients from a community-
based local population was for symptomatic patients, asymptomat-
ic patients, and the overall group, respectively, 0.0025, 0.0000, and
0.0015 per patient-year."* No sudden death occurred in patients
asymptomatic at diagnosis. Higher death rates have been reported
by others, which however, may have been limited by selection
biases.” The role of digoxin as a contributor to sudden death
associated with pre-excitation is still unclear, particularly in the
paediatric population.

Acute management of accessory pathway-mediated tachycardias
is shown in Tables 1 and 2.

All patients with the WPW syndrome (i.e. pre-excitation com-
bined with tachycardia) should be referred for further evaluation
because of the potential for lethal arrhythmias, which can occur
in all age groups.”“‘145 Even a history of paroxysmal regular palpi-
tations in a patient with pre-excitation on the resting ECG is suffi-
cient for referral to an arrhythmia specialist without prior attempts
to record spontaneous episodes of tachycardia. Moreover, irregu-
lar and paroxysmal palpitations in a patient with pre-excitation on
the resting ECG warrant immediate electrophysiological evaluation
since it strongly suggests episodes of AF.

Since most typical SVT episodes presenting in infancy resolve
spontaneously, a pharmacological therapeutic strategy is favoured
rather than an ablative approach, which in this young age group
may result in damage to adjacent structures, such as the AV
node and the coronary arteries and out-weight the benefits.

020z Aienige4 /| uo 1sanb Aq 691981//EE 1/6/S | Noensqe-aoie/aoedoina/woo dno olwapese//:sdiy Woll papeojumo(]



Pharmacological and non-pharmacological therapy for arrhythmias in the pediatric population 1355

Registry data has consistently demonstrated that age <4 years or
weight <15 kg are independent risk factors for complications
associated with the procedure.'* Therefore, even in children
less than 5 years of age, drug treatment is recommended as
initial management of recurrent AVRT, due to the age related
increased risk of catheter ablation and considering the natural
course with spontaneous remissions of AVRT (Tables 3 and 4).
Even though serial data derived from registries have demonstrated
that ablation is increasingly performed in children as an alternative
to chronic antiarrhythmic drug therapy,'’ there have been no ran-
domized trials of drug prophylaxis versus ablation involving chil-
dren with AVRT. Results from the voluntary registry of paediatric
ablation indicate that the incidence of major complications has
decreased ranging from 14134148149 15 38%.771°0 The mortality
rate related to complications of ablation was 0.117% for patients,
which should be compared with the 0.0025 risk per patient-year
of follow-up of sudden death with a diagnosis of WPW."* Given
the potential for SCD related to rapidly conducting pre-excited
AF in patients with the WPW syndrome, even the low annual in-
cidence of sudden death is of concern and supports the concept of
in general liberal indications for catheter ablation. Catheter abla-
tion is thus recommended as first-line therapy for older children
with WPW syndrome (Tables 3 and 4). The clinical situations in
which prophylactic antiarrhythmic drug therapy is recommended
in these patients are mainly patient preference, prophylactic
therapy while waiting for ablation, failed ablation, and whenever
catheter ablation is judged to be associated with too high risks
for complications (see ablation section).

Several small, non-randomized and retrospective trials have
reported the safety and efficacy of oral antiarrhythmic drugs in chil-
dren and infants with SVAs, but the large variations in dosages,
presence of structural heart disease, and patient age have pre-
cluded a direct comparison of efficacy between these drugs. The
preferential antiarrhythmic drugs for management of arrhythmias
in children with the WPW syndrome, particularly when there is
a short anterograde refractory period of the accessory pathway,
are those that slow the conduction through the atrium or acces-
sory pathway, i.e. Classes IA and IC drugs (disopyramide, flecainide,
and propafenone), and Class Il antiarrhythmic drugs (sotalol and
amiodarone) (Tables 3 and 4). Amiodarone should only be used
if other drugs fail to control the arrhythmia and catheter ablation
is not an option.

Non-comparative studies of propafenone confirmed a good effi-
cacy and tolerability in long-term management of paediatric
SVT."*1=" Flecainide has also proven to be effective in controlling
SVT in children, even infants, used as single agent or in combination
with other antiarrhythmic drugs'>>"®. In the most recent study of
22 children with WPW syndrome and without structural heart
disease, 13 of 18 symptomatic children received oral flecainide
(2—5 mg/kg/day twice daily), which was effective in all patients fol-
lowed for mean 3.4 years until ablation.’® In a review of all pub-
lished experience with flecainide, including a total of 704 cases
with SVT (infants, children, and foetuses) the drug appeared effect-
ive (73 to 100% depending on arrhythmia) and safe since there
were no deaths and less than 1% serious proarrhythmia.'>®
Neither propafenone nor flecainide should be used in children
with structural heart disease related to their myocardial depressant

effects and the risk for proarrhythmias. Serial monitoring of PR
intervals and QRS complex duration is recommended for dosage
adjustment, whereas serum levels are seldom of use.

A third option for control of AVRT is sotalol, a non-selective
beta-blocking agent with Class Ill effect. Controlled and retro-
spective studies have reported efficacy rates ranging between
64-80%2"°. In a case controlled study of 71 children, of whom
33 had AVRT, 94% responded to oral sotalol (starting dose
2 mg/kg body weight/day divided in three doses)."*” Proarrhythmia
occurred in 10%, including sino-atrial block, high-grade AV block,
and TTdP. In another study, paediatric patients aged from 0.03
to 17 years, were treated for SVT with varying oral sotalol
dosages.”*® Dosing recommendations for different age groups
derived were a starting dose and target dose of 2—4 mg/kg/day
for neonates and children >6 vyears, and 3—-6 mg/kg/day for
infants and children <6 years (Table 3). Related to the risk of
proarrhythmia, Class | antiarrhythmic drugs and sotalol treatment
should be initiated in-hospital. Relatively few studies have evaluated
the efficacy and safety of amiodarone for treatment of children with
accessory pathway-mediated 'cachycardias.159 No studies have
demonstrated that amiodarone is superior to Class IC antiarrhyth-
mic agents or sotalol. It has substantial cardiac and non-cardiac
adverse effects, which may partly be avoided with close monitor-
ing. As a result of the well-recognized organ toxicity associated
with amiodarone and the high rate of discontinuation, it is generally
not warranted for treatment of patients with accessory pathways.
Since amiodarone usually does not exacerbate heart failure and is
rarely proarrhythmic, it is suitable for children with structural heart
disease, who are not candidates for catheter ablation. No studies
have determined the short- or long-term efficacy of procainamide
or quinidine in the treatment of AVRT.

Antiarrhythmic drugs that primarily block conduction through the
AV node (digoxin, verapamil, diltiazem, and beta-blockers), although
frequently used by many general practitioners in infants and children
with WPW, are contraindicated in patients with pre-excitation.

Patients with symptomatic episodes of SVT, but without pre-
excitation on resting ECG (concealed accessory pathways) can
be managed as patients with AVNRT. If these patients experience
infrequent, minimally symptomatic episodes of SVT, they can
remain off antiarrhythmic drugs and be instructed to terminate
the SVT episodes using valsalva manoeuvres. Should antiarrhyth-
mic drug therapy be preferred by the patient, AV nodal blocking
agents are the drugs of first choice (Tables 3 and 4). Flecainide, pro-
pafenone or sotalol should follow in case of treatment failures in
resistant cases.

Management of patients with asymptomatic accessory
pathways

There are no circumstances that could motivate treatment with
antiarrhythmic drugs in patients with an ECG pattern of pre-
excitation in a subject who has no symptoms of arrhythmia (see
section on catheter ablation).

Atrial tachycardias
Focal atrial tachycardia
Focal atrial tachycardia (FAT) is a common cause of SVT in child-
hood and the underlying substrate is a distinct autonomic focus
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anywhere in the atria. Clinically, the tachycardia may manifest
either as sporadic or permanent. In the latter case progression
to congestive heart failure and cardiomyopathy may occur. Spon-
taneous resolution is frequent in case the arrhythmia manifests
in infancy,”‘160 while spontaneous resolution is infrequent in
older children."" Focal atrial tachycardia was controlled by
medical therapy in most infants when using digoxin and/or propa-
fenone with the addition of amiodarone in patients who failed,
resulting in a 95% of arrhythmia conversion to sinus rhythm.'®
A conversion rate to sinus rhythm was achieved in 91% in
another study starting with digoxin and adding a beta-blocking
agent and flecainide in case of failure.”” A more recent series of
neonatal FAT achieved a 100% response rate using Class IC (pro-
pafenone) and Class lll (amiodarone and sotalol) antiarrhythmic
drugs.'®" Response to medical therapy is clearly worst for patients
beyond infancy."" Based on these data, digoxin is recommended as
the first-line therapy, adding a Class IC drug in case of failure, and
using amiodarone as a second- or third-line drug. For older chil-
dren, catheter ablation should be considered early in the manage-
ment, if FAT is not controlled by drugs (Class |, Level B).

Multifocal atrial tachycardia

Multifocal atrial tachycardia, also known as chaotic atrial tachycar-
dia, is rare during childhood and in the vast majority it affects
infants. Its ECG characteristics are quite peculiar with a markedly
irregular ventricular rate, multiple P-wave morphologies and ir-
regular P—P intervals. The literature on MAT is scarce, except
for some anecdotal reports, and data on the clinical course and
treatment are derived mainly from one recent multicentre obser-
vational, retrospective analysis.">” The main finding was that MAT
is self-limiting with restoration of sinus rhythm usually after a few
months with no late recurrences. As MAT cannot be acutely con-
verted to sinus rhythm, the treatment goal is to achieve adequate
rate control of the tachycardia. At presentation, ventricular dys-
function is frequently seen, thus treatment should start rapidly.
Most antiarrhythmic drugs have been tried in MAT with varying
results. Digoxin has been most frequently used, but usually in com-
bination with a Class Ill or IC drug. One study observed a good re-
sponse (83%) to propafenone in six patients,'®® which, together
with amiodarone seemed to be the most promising management
approach. The recommendation for infants with MAT is that anti-
arrhythmic drugs are usually indicated, starting with digoxin
together with a Class IC drug (flecainide and propafenone), then
using amiodarone as second option (Class |, Level B).

Macro-reentrant atrial tachycardia: atrial flutter

Atrial flutter is rarely seen in childhood. Either AFL occurs as a late
complication after surgical treatment of CHD or in patients with
structural normal hearts, among which the overwhelming majority
are newborns, with often already foetal manifestation of AFL.
Transplacental intrauterine treatment of foetal AFL is described
in another section of this report. Although overall being a rare ar-
rhythmia, neonatal AFL nowadays is well characterized as for treat-
ment and for outcome.'®® Although conversion to sinus rhythm by
antiarrhythmic drugs has been observed, available studies with an
adequate number of patients, concluded that synchronized elec-
trical cardioversion was the most straightforward procedure to

rapidly establish sinus rhythm with a response rate of 87%."¢%'*

Transoesophageal overdrive pacing had moderate success rates
of 60-70% in the same populations studied. It was concluded
that once in sinus rhythm and in the absence of concomitant
arrhythmias, recurrences were unlikely to occur and long-term
prophylactic antiarrhythmic drug therapy was unnecessary.'®?
The recommended therapy for a newborn with AFL (stable as
well as unstable) is either transoesophageal atrial overdrive
pacing if available or synchronized electrical cardioversion (Class
|, Level B). In a stable newborn pharmacologic treatment may be
tried but may take some time before sinus rhythm is achieved.
The recommended drugs are digoxin with addition of flecainide
or amiodarone in case of failure (Class lla, Level B). Ibutilide was
successful during its first-ever administration in 12 of 19 (63%)
patients (aged 6 months to 34 years). Two patients developed
proarrhythmias.

Acute and prophylactic antiarrhythmic
drug therapy of ventricular
tachyarrhythmias

Idiopathic ventricular tachycardia

Idiopathic ventricular extra beats are very common in children,
with a bimodal peak in neonates and adolescents. These extra
beats are considered benign if they disappear with exercise.
When they are symptomatic, they can be controlled with beta-
blockers (propranolol 1 mg/kg/day) or in severely symptomatic
cases flecainide 2—4 mg/kg/day and eventually ablation. Sustained
VT is very rare in normal hearts. Thus, deep research has to be
made in order to rule out the underlying cause.

Right ventricular outflow tract tachycardia and fascicular
left ventricular ventricular tachycardia

The right ventricular outflow tract (RVOT) is the most common
VT in young normal hearts, but it is necessary to discard arrhyth-
mogenic RV cardiomyopathy. When symptomatic, beta-blocking
agents are normally sufficient to control the arrhythmia. Ablation
should be considered in case of failure to control symptoms. Fas-
cicular tachycardia is rare and can be controlled in some cases by
using betablockers, verapamil (except in infants), and amiodarone.
If uncontrolled, catheter ablation is a very successful alternative.

Channelopathies

Long QT syndrome

Therapeutic strategies for LQTS primary focus on the prevention
and treatment of life-threatening ventricular arrhythmias. Life-long
beta-blocking agents in all patients (symptomatic and asymptomat-
ic) has showed to be effective in reducing fatal cardiac events,'®®
mostly in LQT type 1 and to a lesser extent in type 2'¢¢.
However, beta-blocking agents may even be pro-arrhythmic in
LQT type 3, for which mexiletine or flecainide may be of particular
use."®”1%8 Patients who remain symptomatic despite treatment
with beta-blockers should be considered for more invasive therap-
ies. Implantable cardioverter defibrillator placement in these
patients is further discussed.
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Short QT syndrome

Little is known concerning short QT syndrome. Implantable cardi-
overter defibrillator is the only proven treatment to prevent
sudden death. Hydroquinidine and propafenone have been
reported to be effective agents to postpone implantation in

young children.'®’

Brugada syndrome

Children with type | Brugada ECG and symptoms are at risk of VT
and sudden death. Implantable cardioverter defibrillator is the only
treatment having a proven effect on the prevention of sudden
death. However, complications are frequent in implanted children.
Treatment with hydroquinidine could postpone implantation.’®’

Catecholaminergic ventricular tachycardia

Beta-blocking agents at high doses decrease the risk of VT and
sudden death in these patients. When non-sustained repetitive
VT appears, intravenous beta-blockers are recommended. If VT
is poorly tolerated, electric shock should be delivered. If repetitive
VT persists, deep sedation or even general anaesthesia may be
required during the electrical storm.”® Flecainide has been
proposed recently in cases not adequately controlled with

beta-blockers."”"

Ventricular tachycardia in congenital
heart disease

Mitral valve prolapse

Ventricular arrhythmias are more prevalent in patients with mitral
valve prolapse but, except for Marfan’s disease, it has not been
related to increased risk for SCD, thus treatment with beta-

blocking agents will only be indicated in symptomatic patients.'”>

Hypertrophic cardiomyopathy

Regular clinical risk stratification for SCD is mandatory for the pre-
vention of sudden death in young patients. The risk factors for
sudden death include familial history of sudden death at a young
age, LV hypertrophy >3 cm, unexplained syncope, non-sustained
VT, and abnormal blood pressure response during exercise.
Patients having two or more risk factors are at high risk. Primary
prevention of sudden death in patients considered to be at high
risk should also include management of obvious arrhythmogenic
mechanisms such as paroxysmal AF, accessory pathway, myocar-
dial ischaemia, apart from the prevention, and/or management of
ventricular tachyarrhythmias with amiodarone and/or ICD implant-
ation, respectively. The choice of treatment in children is mainly
influenced by the age at which ICD implantation is feasible. Beta-
blockers and amiodarone could be used as a bridge in children
at high risk, until their physical growth permits ICD implantation
as long-term therapy.

Arrhythmogenic right ventricular cardiomyopathy

The increased risk for SCD is related to presence of sustained VT,
LV involvement, extensive RV disease, and sudden death in family
members with ARVC. The primary and secondary preventive strat-
egy in children is mainly influenced by the age at which ICD devices
can be implanted. Antiarrhythmic drugs can only be recommended

as adjunctive therapy to ICD. A beta-blocking agent could be used
as a bridge in children at high risk.

Special circumstances

Arrhythmias in patients with congenital heart disease
Due to haemodynamic alterations and/or surgical scars, tachyar-
rhythmia early or late after cardiac corrective surgery is still one
of the most frequently observed complication after such procedure.
Supraventricular and ventricular tachyarrhythmias may co-exist in
the same patient; as exemplified by repaired tetrallogy of Fallot
patients, in whom VT predominates but with a relatively high rate
of AFL (10%),"”® and by Senning/Mustard corrective operation for
transposition of the great arteries, with a high incidence of atrial
tachyarrhythmias (44%) but also a significant rate of VT (9%)."”*

Atrial tachyarrhythmias

As an atriotomy scar is part of most procedures in congenital heart
surgery, AFL is one of the most frequent and typical late complica-
tions. Once the arrhythmia has become manifest, it is not self-
limiting but rather a long-term management problem, limiting the
pharmacological management options in favour of curative cath-
eter ablation of the underlying substrate.’” Experience with long-
term management of these arrhythmias using pharmacologic treat-
ment has been disappointing,'’® and when potent drugs (amiodar-
one) are used, the burden of side effects is considerable (slowing of
atrial rate making 1:1 conduction more likely) with still moderate
success in arrhythmia control. Sotalol as an alternative has been
found to be of some value with a 78% success rate in suppressing
AFL in a small population of long-term post-operative paediatric
patients,’®” but recurrence rate remains high and catheter ablation
may therefore be required.

Ventricular tachyarrhythmias

In the paediatric age group, life-threatening VT are rare among
patients with CHD either prior to or after surgery. Yet, the inci-
dence of post-operative VT will increase with increasing age of
the patient to reach significant numbers in the adult population
with corrected heart surgery. The prototype for studying post-
operative VT has been repaired tetralogy of Fallot,'”* which on long-
term suffers from VT in up to 12% of patients and with a sudden
death rate of nearly 8% at 21 years of follow—up.177 As the repair
of tetralogy of Fallot implies surgical incisions and haemodynamic
changes, an ideal substrate for arrhythmias is created. Monomorphic
and polymorphic VTs are often seen. Minimally symptomatic ven-
tricular extra beats should be treated with beta-blockers. Severely
symptomatic patients and/or inducible VT are considered for abla-
tion with good results'’®"7?, Management strategies rely on retro-
spective observational studies with limited number of patients.
Antiarrhythmic drugs with a low risk for proarrhythmias (amiodar-
one) may be indicated for the prevention of arrhythmia recurrence
following catheter ablation or as an adjunctive treatment to ICD.

Foetal arrhythmias

Foetal rhythm abnormalities occur in up to 2% of pregnancies,
mostly detected after 20 weeks gestation. The majority are isolated
premature atrial contractions and only 10% of rhythm abnormal-
ities are clinically significant.
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Assessment of foetal rhythm can be challenging and, up to date,
the most feasible technique is echocardiography using M mode,
pulse, and tissue Doppler to study the relationship between
atrial and ventricular contractions. Simultaneous superior vena
cava and ascending aorta Doppler180 allows for defining the rela-
tion between atrial and ventricular contractions and atrio ventricu-
lar and ventricular atrial intervals, enhancing the differential
diagnosis of various tachycardias.

Extrasystoles

Isolated premature beats are frequently detected in the foetus, and
atrial premature beats are generally benign. When accompanied by
cardiomegaly, ventricular dysfunction, or hydrops, attention must
be paid as they may suggest episodes of SVT. If ventricular prema-
ture beats are present, myocardial disease should be excluded.
Serial follow-up and post-natal evaluation will exclude serious
pathology.

Foetal tachyarrhythmias
A heart rate above 180 b.p.m. is considered abnormal. Defining AV
relationship will allow specific treatment:

e A short ventricular—atrial (VA) interval suggests an accessory
pathway-mediated tachycardia, at a rate of 230-280 b.p.m.,,
with a 1:1 conduction.

e A long V-A interval is consistent with: sinus tachycardia, FAT,
and PJRT.

e |f the V and A waves are superimposed: JET may be present,
very rare as prenatal diagnostic.

e Atrial reentrant tachycardias: AFL, which are rare, usually at a
rate of 300—500 b.p.m. with variable ventricular response.

Treatment is reserved for foetuses at risk of heart failure (incessant
tachycardia, onset of the tachycardia before 32nd week of gesta-
tion and structurally abnormal heart) and should be focused on
the type of arrhythmia. Several considerations have to be made
when treating foetal arrhythmias, such as first-line treatment,
mode of medication delivery (maternal oral administration with
risk for inadequate absorption), hydrops obstructing drug absorp-
tion, and the variable drug responses among foetuses '°8~"°,
Transplacental digoxin, flecainide, and sotalol are the most com-
monly used first-line drugs. A recent multicentre study showed
that digoxin and flecainide were superior to sotalol in converting
AVRT to sinus rhythm or maintaining rate control.'*

Recommendations for medical treatment of foetal tachycardias
are as follows:

e Short V—A interval tachycardia and AFL:

e if hydrops is absent: digoxin is first choice in most centres
(Class |, Level C);

e if hydrops is established; maternal medication with flecainide
or sotalol is started as first line and digoxin can be added
(Class I, Level C). If no response; intraumbilical administration
of adenosine, digoxin or amiodarone can be tried, but mor-
tality rates are high (Class |, Level C).

e In Long V—A interval tachycardias: maternal medication with
flecainide or sotalol can be used in association if needed with

digoxin (Class |, Level C).

Ventricular tachycardia is very rare but when present, myocardial
disease should be excluded. In foetuses with structurally normal
hearts long QT should be suspected. Beta-blockade, lidocaine, or
amiodarone may be needed if incessant VT is present.

[t has been stated that prematurity associated complications
would be more harmful than the risk of treating the foetuses in
uterus. When uncontrolled tachycardia leads to severe hydrops,
birth can be attempted in order to treat the newborn directly.
Radiofrequency ablation of a preterm hydropic newborn has
been successfully attempted.®*

Foetal bradyarrhythmias

A heart rate below 110 b.p.m. is considered pathological. Sinus
bradycardia is the most common cause, being most of the time
benign. Special consideration should be paid as bradycardia can be
a sign of LQTS in a foetus, especially when associated with 2:1
AV block and normal A—V conduction. Foetal AV block, such as com-
plete or second-degree block is in half of the cases associated with
immunological maternal pathologies, and commonly associates
foetal myocardial disease. Reversibility of complete AV block,
when immune, is rare, even under corticoid treatment. However,
dexamethasone may reduce the risk for progression.'®"'8?

Antiarrhythmic drugs

Drug effects, side effects, and contraindications

Not only should the efficacy of potent antiarrhythmic drugs be
addressed, but as important is the safety of the prescribed treat-
ment."®® Generally, in-hospital treatment initiation is warranted
for most antiarrhythmic agents, except for beta-blockers and

amiodarone.'®>

Class | antiarrhythmic drugs

Class | antiarrhythmic agents interfere to varying degrees with the
sodium channel with different effects on action potential duration.
These agents have been studied extensively and considered to be
both effective and safe when appropriately prescribed.'’>1¢°
Class | antiarrhythmic drugs are not recommended in the setting
of structural heart disease and/or systolic ventricular dysfunction
155162184185 4 4h o

risk for proarrhythmia. Most Class | agents are metabolized in

because of their negative inotropic effect

the liver, excreted in the urine, and have different protein
binding profiles, all varying with age. Serial monitoring of QRS
complex duration and PR interval is more helpful for proper
dosage adjustments than determinations of serum drug
concentration."®?

Class IB agents (lidocaine and mexiletine) are mostly effective in
myocardial ischaemia and rarely used in children.

Special attention should be given to QT interval duration before
and after the introduction of Class IA drugs (quinidine, procaina-
mide, and disopyramide) since syncope related to TdP may
occur in up to 20% of children. Because of a marked anticholinergic
effect (especially with disopyramide) and a prolongation of the
cycle length during AFL, a paradoxical increase in the ventricular
rate may occur with a 1:1 AV conduction, as a consequence to
the antiarrhythmic drug therapy, resulting in a potential cardiovas-
cular compromise.'#187
The effects of Class IC drugs (flecainide and propafenone),

include conduction disorders with prolonged PR interval and
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QRS complex duration, as well as a Brugada-type ECG
pattern.155'185'188'189 Thus serial monitoring of PR intervals and
QRS complex duration may be used for dosage adjustment.
Despite proarrhythmic fears concerning Class IC drugs in adults,
this appears less relevant among children. Propafenone is an agent
that combines sodium channel-blocking effects with beta-blocking
capacity and a weak calcium antagonism. Side effects of oral propa-
fenone analysed in a retrospective study of 772 paediatric patients
with SVT or ventricular arrhythmias,’" included significant elec-
trophysiological effects and proarrhythmias in 1.9% of patients, in-
cluding cardiac arrest or sudden death in 0.6%, of which 2/5 had
WPW syndrome and 3/5 patients had structural heart disease.
Structural heart disease was present in 32.3%. Overall, adverse
cardiac events were more common in the presence (4.8%) than
in the absence (1.5%) of structural heart disease.”" Thus, propafe-
none is a relatively safe drug for the treatment of paediatric
arrhythmias, but should not be used in patients with structural
heart disease. Of note is that some children with ventricular
preexcitation may developed incessant reciprocating tachycardia
during initiation of flecainide.'”° Except for ventricular events,
minor side effects may include blurred vision, irritability, and

hyperactivity.1 %o

Class Il antiarrhythmic drugs

These agents indirectly affect the cardiac ionic currents primarily
by inhibiting sympathetic activity through beta-adrenergic block-
ade, preventing refractoriness shortening and blocking adrenergic
activation of calcium channels.'”’ Some beta-blocking agents,
such as pindolol and acebutolol, exhibit intrinsic sympathomimetic
activity that may be useful in children who develop significant
bradycardia with other beta-blockers. Many of the side effects
are related to their cardiac mechanisms and include bradycardia,
reduced exercise capacity, heart failure, hypotension, AV nodal
conduction block, and bronchobstruction.'”* Propranolol and
bisoprolol cross the blood—brain barrier and have been associated
with mental changes in patients. Finally, esmolol, an ultrashort
acting beta-blocking agent, may be administered intravenously
and be useful for the acute control of arrhythmias in selected
cases.

Class Il antiarrhythmic drugs

Class Ill antiarrhythmic drugs are potassium channel blockers that
prolong repolarization leading to increased QT interval with the
potential risk for TdP. Generally they do not affect contractility.'”®

Oral sotalol, which also has beta-blocking properties, has been
increasingly used for treatment of paediatric dysr‘hythmias.194
Because it is primarily excreted unchanged in the urine, dose
adjustment is needed in patients with renal insufficiency.'* The
beta-blocking effects of the drug are weak when compared with
standard beta-blocking agents, such as propranolol.’™*

Although amiodarone is classified as a Class Ill agent, it has prop-
erties of all four Classes of Vaughan—Williams Classification.
Amiodarone is stored in fat and other tissues (with a very long
half life of more than 50 days), metabolized in the liver and
excreted via the biliary and intestinal tracts. The QT interval pro-
longation achieved with amiodarone rarely leads to TdP.'”> Amio-

darone treatment may lead to a slight increase in the QRS duration

and may have more profound effect on the sinus node and the AV
conduction. Intravenous use implies continuous cardiac monitor-
ing, since cardiovascular collapse has been described.'”® Unfortu-
nately, amiodarone is associated with a high incidence of severe
extracardiac side effects, including thyroid, pulmonary, liver, skin,
ocular, and neurologic toxicities, largely due to iodine in the amio-
darone molecule.”””"?® Patient thyroid function indices, liver func-
tion tests, pulmonary, and neurologic status should be followed
every 6 months in children and adolescents receiving amiodarone
on long term. Systemic adverse effects of the drug, which are of
considerable concern in long-term treatment in adults, seem to
be less pronounced in children.**%° A similar drug as amiodarone
but free of iodine has recently been developed, i.e. dronedar-
one.®®" More evidence regarding its use in infancy and childhood
are warranted, as well as information about the use of other
new Class Ill agents in children, such as azimilide, dofetilide,
ibutilide, and vernakalant.

Class IV antiarrhythmic drugs

The non-dihydropyridine calcium channel blockers verapamil and
diltiazem affect calcium-dependent slow action potentials in the
sinus and AV nodes. These agents slow diastolic depolarization in
both nodes, and therefore slow the pacemaker rate. They also
prolong the refractory period of the AV node, slowing the ven-
tricular rate during AF. Verapamil and diltiazem may cause periph-
eral vasodilatation, which may partially offset their sinus and AV
nodal slowing effects. The use of intravenous verapamil is not
recommended in children with compromised cardiac function or
in those receiving long-term treatment with beta-blocking
agents.127 Calcium channel blocking agents are therefore consid-
ered contraindicated in newborns or infants less than 1 year.202
Diltiazem mainly undergoes hepatic metabolism with a large first-
pass effect that may differ from patient to patient. About 35 and
70% of an administered dose of diltiazem and verapamil is excreted
as metabolites in the urine, respectively.

Other antiarrhythmic drugs

Adenosine. Rapid intravenous injection of adenosine has negative
dromotropic and chronotropic effects mainly on the sinus and
AV nodes, and its use requires continuous cardiac monitor-
ing.'?*%% It is rapidly metabolized (half-life less than 10 s) by red
blood cells and vascular endothelial cells and is therefore a
short-acting drug. Bronchospasm has been reported occasionally
following the use of adenosine in children and is contraindicated
in children with history of asthma.>**

Digitalis. Digitalis enhances vagal activity and thus slows sinus node
automaticity and prolongs AV nodal conduction and refractori-
ness.’® In its therapeutic dose, side effects are few and predictable
but overdose is not uncommon and can be fatal, addressing the
need to verify renal function. Compared with adults, digitalis may
be less effective in young patients who present with higher sympa-
thetic tone. Although digoxin is contraindicated in children with
the WPW syndrome who are >1 year old, it is still not established
whether there is a substantial risk for VF during oral digoxin
therapy in infants <1 year old.>*®
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Catheter ablation in the paediatric
population

In the last decades radiofrequency catheter ablation (RFCA) is pro-
gressively used as curative therapy for tachyarrhythmias in children
and patients with CHD. Even in young children, procedures can
be performed with high success rates and low complication rates
as shown by several retrospective and prospective paediatric
multicentre studies. Three-dimensional (3D) mapping and
non-fluoroscopic navigation techniques and enhanced catheter
technology have further improved safety and efficacy even in
CHD patients with complex arrhythmias. Furthermore, cryoabla-
tion is emerging in the paediatric population as safe alternative
technique for arrhythmogenic substrates near the AV node. This
chapter aims to review indications, results, and techniques of cath-
eter ablation in this young population.

Radiofrequency catheter ablation for
supraventricular tachycardia and
ventricular tachycardia in structurally
normal hearts
Radiofrequency catheter ablation of supraventricular
tachycardias in children with a structurally normal heart
Accessory pathways including Wolff—Parkinson—White syndrome
Accessory AV pathway-mediated SVT are the most frequent form
of symptomatic tachycardias in young patients with a structurally
normal heart. In symptomatic children >15 kg of body weight,
RFCA of accessory pathways is today a well established interven-
tion. It is performed with high success in all age groups.”*%” The
success is higher for left-sided pathways than for right-sided and
septal pathways which may in part be explained by impaired cath-
eter stability and the lack of a venous structure like the coronary
sinus to facilitate detailed mapping along the tricuspid valve
annulus.®

The aim of the electrophysiological procedure is the localization
of the accessory pathway at the tricuspid or mitral valve annulus
and the permanent interruption by radiofrequency current deliv-
ered directly at the atrial or ventricular insertion of the pathway.
In patients with overt pre-excitation location of the pathway may
be assessed with the help of algorithms derived from the delta
wave polarity on surface ECG.?% Several parameters have been
described as prerequisites for a successful ablation including
recording of an accessory pathway potential and a gs-pattern of
the local unipolar electrogram.”®’ In some centres, the transseptal
approach for mapping and ablation of the atrial insertion of left-
sided pathways is used with the support of preshaped long
sheaths in order to facilitate manipulation of the tip of the
mapping and ablation catheter along the mitral valve annulus.”"®
Radiofrequency catheter ablation of anteroseptal and midseptal
accessory pathways carries a high risk of AV node—His bundle
injury and thus should be reserved for patients with refractory
or life-threatening SVT.2"" Posteroseptal accessory pathways can
be challenging to identify precisely and to eliminate due to the
large posteroseptal space.

Studies from individual centres have shown an overall high effi-
cacy and safety of ablation therapy of accessory pathways in young

patients. With growing experience, success rates >90% could be
achieved with the need of a fluoroscopy time <40 min and an
overall procedure time <240 min. The Paediatric Radiofrequency
Ablation Registry reported an acute success rate for ablation of
accessory pathways for all locations of 94.4%.”® The use of the
non-fluoroscopic navigation systems allows for significant reduc-
tion of fluoroscopy in this situation.”"*

In general, there is a risk of late SVT recurrence of 5 to 10%
probably due to heating of the pathway with transient loss of con-
duction without complete destruction.?

Permanent junctional reciprocating tachycardia

The anatomical substrate of PJRT is an accessory pathway with
solely retrograde conduction and, like the AV node, decremental
conduction properties. The majority of these pathways are
located in the posteroseptal space. Permanent junctional recipro-
cating tachycardia is often associated with tachycardia-induced car-
diomyopathy which generally resolves within a few weeks after
successful ablation. Results of RFCA are favourable with a

success rate >90%.21321

Atrioventricular nodal reentrant tachycardia
Atrioventricular nodal reentrant tachycardia is based on dual, ana-
tomically separated AV nodal pathways. Modification/ablation of
the slow pathway is the treatment of choice using a combined ana-
tomical/electrophysiological approach.*'

Results of RFCA in paediatric patients are favourable and
comparable to those achieved in adult patients. Success rates
varied between 95 and 99%, the risk of AV block was ~1-3%,
and recurrence rates were in the range between 3 and 5%.”®

In general, duration of the procedures and fluoroscopy times
have been shorter and the number of radiofrequency applications
have been lower than during ablation procedures of accessory
pathways.”

Focal atrial tachycardia

Focal atrial tachycardia is often incessant and may, as in PJRT, result
in a tachycardia-induced cardiomyopathy. The aim of endocardial
mapping during FAT is to record early local atrial electrograms
in relation to the onset of the tachycardia P-wave on surface
ECG. Typical locations of the ectopic foci are along the crista ter-
minalis and the entrance into the right atrial appendage as well as
the orifices of the pulmonary veins in the left atrium. Success of
ablation procedures for FAT is comparable with the other forms
of SVT in children reaching ~90%.”"*

Radiofrequency catheter ablation of ventricular

tachycardias in children with a structurally normal heart
Idiopathic VT occurs in children with a structurally normal heart
and a normal QT-interval and may originate from the right and
LV myocardium, respectively. Prognosis seems to be excellent as
in a significant number of paediatric patients spontaneous cessation
of the tachycardia has been noted. Degeneration of idiopathic VT
into VF or sudden death essentially does not occur but certain
patients may suffer from syncope or heart failure. Accordingly,

therapy is only indicated in symptomatic patients.”'®
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The electrophysiological substrate of VT from the LV is mainly a
reentrant circuit involving the left posterior fascicle. A successful
ablation may be performed in >85% of the patients. No serious
complications have been reported so far and VT recurrence was
rare. The non-contact mapping system has been demonstrated
to be helpful to localize the tachycardia origin in selected patients
and to improve success rate.'*?"

Ventricular tachycardia originating from the RV outflow tract are
mainly focal tachycardias. These tachycardias are often exercise
induced. Mapping may be impaired due to suppressed ventricular
ectopy during sedation. In symptomatic patients, EPS is successfully
performed with the aim of localization and ablation of the focus in
the RV outflow tract guided by prematurity and pacemapping.’* It
is of note that a considerable part of VT with left bundle branch
block pattern and inferior axis may originate from the left aortic
sinus cusp in adults and children.’® As in LV VT, the use of the
modern mapping systems has proven to be helpful to localize
the focus.?"’

Complications related to radiofrequency current delivery
in young patients

Radiofrequency catheter ablation can be performed safely and with
high success in children. Data from the Paediatric Radiofrequency
Ablation Registry and the study for Prospective Assessment after
Paediatric Cardiac Ablation (PAPCA) revealed a complication
rate ranging from 3 to 4.2%. Most common complications included
2° and/or 3° AV block, perforation and pericardial effusion, and
thrombembolism. The risk of serious injury to cardiac valves due

to RFA is very low.”®*"?

Death

Death has been reported in four patients after a total of 7600
ablation procedures for SVT which was related to respiratory
arrest, intractable heart failure, thrombembolism, and coronary
artery injury. Schaffer et al.'*® reported on seven fatal events in
4651 procedures focussing on a different population whereas no
fatal complication was noted in the PAPCA study.”®*°

Atrioventricular block

The most frequent major complication related to radiofrequency
current delivery in young patients is inadvertent complete AV
block requiring lifelong pacing. Risk of complete AV block has
been reported ranging from 1 to 2%. Data from the PAPCA
study revealed an AV block risk for AVNRT in 2.1% and for ante-
roseptal and midseptal pathways in 3.0%. Operator experience has
a major impact in this issue. Particularly in substrates with a signifi-
cant risk for AV block, cryoablation, although still associated with
lower success than radiofrequency current, will perhaps become

the energy source of choice in the future.” 819220

Thromboembolic complications
An overall incidence of thromboembolic complications due to
RFCA therapy of 0.6% in all age groups with a higher risk in left
heart procedures (1.8 to 2%) has been reported. Heparin did
not protect completely against thromboembolic events. Data
from the Paediatric Ablation

Radiofrequency Registry

demonstrated an occurrence of thromboembolic complications
in 0.18 to 0.37% of the procedures.7'221

Coronary artery damage

Possible damage to the coronary arteries after radiofrequency
current delivery has been demonstrated in experimental setting
and in children, thus special care should be taken when applications

are performed near to a possible site with a coronary artery.?2%%*

Radiation exposure

Prolonged radiation exposure is of particular concern in children.
Fortunately, a significant decrease of overall fluoroscopy time for
all paediatric paroxysmal SVT procedures from 50.9 + 39.9 min
in 1990-1994 to 40.1 £+ 351 min in 1995-1999 has been
reported from the paediatric US registry. With the use of the
modern non-fluoroscopic mapping and catheter navigation
systems, a further significant reduction of radiation exposure can
be achieved. At the present time, the risk of radiation exposure
seems to be low considering the advantages of the procedure
resulting in definite cure. This needs to be compared with an
expected life-long antiarrhythmic medication including its incom-

plete safety and potential side effects.”*">

Special issues in infants and small children

Patient size <15 kg has been reported to be associated with a
higher rate of major complications after RFA therapy when com-
pared with older children. This is in contrast to a study revealing
no differences concerning success and major complications
between infants (<18 months) and non-infants. Up to now, data
are still limited concerning the long-term consequences of radio-
frequency current application at growing myocardium. Experience
derived from animal studies should be taken into account

when an ablation procedure in infants and small children is
considered,134148176210222.224

Radiofrequency catheter ablation of
supraventricular tachycardia and
ventricular tachycardia in congenital
heart disease

Preparation for catheter ablation

Prior to an invasive study, a preliminary estimation about mechan-
ism and substrate of the tachyarrhythmia is mandatory using rele-
vant clinical data, ECGs, description of the congenital defect, and
all relevant surgical and catheter interventions. Patients with CHD
often have a wide QRS complex during normal sinus rhythm,
either due to congenital myocardial conduction delay (i.e.
Ebstein’s disease) or post-surgical myocardial scarring (i.e. tetral-
ogy of Fallot). For these patients a comparison of width and
axis of a QRS-complex in the 12-lead ECG during sinus rhythm
and tachycardia is mandatory to distinguish between an ‘individual
normal QRS’ and an ‘altered QRS’ during tachycardia. P-wave axis
and morphology also might be influenced by disease, atrial surgery
or by heterogeneous sites or even absence of the sinus node
region (i.e. heterotaxy syndromes). Further ECG-interpretation
of documented tachyarrhythmias can be performed according
to general algorithms used in patients with normal cardiac
anatomy. These include verification of numeric AV relationship
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and regularity or irregularity of R—R intervals, initiation and ter-
mination of tachyarrhythmia, efficacy of vagal manoeuvres, and
signs of pre-excitation during normal sinus rhythm.

Furthermore, careful evaluation of the actual haemodynamic and
anatomical status of the heart is required. Information should be
obtained from all available reports from surgical procedures,
cardiac catheterizations, catheter interventions, angiographic or
non-invasive imaging studies, like computed tomography (CT) or
magnetic resonance imaging (MRI) scans as well as echocardio-
graphic evaluations. Finally, it is useful to screen peripheral and
central veins and arteries for potential occlusions.

The synopsis of the collected information generates the basis to
assess chances, risks and limitations of an electrophysiological pro-
cedure in each individual patient. An important risk factor is the
sometimes unpredictable course of the specific conduction
system. In case of an accidental complete AV-block haemodynamic
consequences of ventricular pacing cannot be forecasted, especial-
ly if systemic ventricular dysfunction pre-exists.*>> In complex mal-
formed hearts after univentricular palliation or in case of shunt
related cyanosis an epicardial pacemaker implantation is mandatory
requiring another thoracotomy with a significant risk of surgical
complications. Patients need to be frankly informed about the
acute success rate, risks of the procedure and the chances of
recurrences.

Catheter ablation of atrioventricular reentrant
tachycardia in CHD

In the paediatric population ventricular pre-excitation is associated
with CHD in 20—-32%, whereas for AVYNRT only up to 7% of chil-

dren show any type of congenital cardiac anom('il>/.141‘143'226

Ebstein’s disease

Ventricular pre-excitation and AVRT occur in 20—-30% of patients
with Ebstein’s malformation of the tricuspid valve apparatus.
Accessory pathways are located around the tricuspid annulus, in-
cluding the more rare Mahaim fibres. In Ebstein’s malformation
lack of the typical RBBB can be a sign of ventricular preexcitation
causing pseudo-normalized ventricular activation. Radiofrequency
catheter ablation in Ebstein’s anomaly can be technically challen-
ging due to the enlarged right atrium, the fragmented electro-
grams from the atrialized RV as well as the presence of
multiple pathways in up to 50% of patients. Special long
sheaths are often required for catheter stability and different
techniques can be used to visualize the true electrical right AV
junction, including fluoroscopic identification of the AV junctional
fat pad, selective angiography of the right coronary artery, or
intracoronary mapping of the right coronary artery. In addition,
the use of 3D navigational tools or visualization with transoeso-
phageal or intracardiac echocardiographic guidance may be
helpful in selected complex cases. In Ebstein’s malformation
RFCA has an increased risk of a coronary injury because of the
thin atrialized portion of the RV adjacent to the AV groove.
The use of cryoenergy may lower this risk and also has advan-
tages regarding catheter stability due to the cryoadherence of

the ablation catheter tip.'**~1%3

Congenitally corrected transposition of the great arteries

Accessory pathways are found in 2—-5% of patients with congeni-
tally corrected transposition of the great arteries (ccTGA), and
are typically located along the left-sided AV valve annulus which
is the anatomical tricuspid valve. If Ebstein’s disease is associated
additionally there is a tendency towards multiple accessory con-
nections. During the procedure the coronary sinus serves as an im-
portant anatomical landmark for the orientation of the left-sided
(tricuspid) AV valve. Since the origin and anatomy can be highly
variable it is advisable to first visualize the coronary sinus system
either by direct selective dye injections or coronary angiograms
with recording of the late venous phase as well as by cardiac CT
or MRI scan prior to the procedure. When using the transseptal
route the course of the coronary sinus is again very helpful for
the anatomical orientation and it is important to acknowledge
that the fossa ovalis is located more posteriorly towards the pos-
terior left atrial free wall carrying an increased risk for perforation.
In ccTGA the position of the compact AV-node is typically located
anteriorly at the junction of mitral annulus and the right atrium. A
noteworthy exception is seen in cases of ccTGA combined with
pulmonary hypoplasia or atresia because then the AV node is
located in a ‘normal’ position. In the rare case of typical AVYNRT
catheter ablation should be restricted to patients with
drug-refractory tachycardia because the risk of AV block is consid-
erable and the individual location of the area of slow conduction of
the AV node can only be speculated. In this situation cryoablation
is likely to be the safest option.”*”*®

Inter-atrioventricular node reentrant tachycardia

A special form of AVRT can occur in patients with ccTGA, AV
septal defect, and heterotaxy syndrome mediated by a twin specific
conduction system which consists of an anterior AV node and His
bundle at the right atrial—mitral annulus junction and a second pos-
terior AV node and His bundle close to the remnant of the inferior
interatrial septum. Diagnosis can be suspected if spontaneous
alternations of a superior and inferior QRS-axis are notified
during basic rhythm. During an EPS pacing from different atrial
sites, programmed ventricular stimulation during AV tachycardia
and careful mapping of the entire AV groove can be utilized to
objectivate two distinct and separate areas with His bundle
signals. The AV nodal system with the reduced conduction capacity
typically served as the retrograde limb of the inter-AV nodal

reentry tachycardia and was targeted in most cases.”*®

Results of catheter ablation of atrioventricular reentrant tachycardia and
atrioventricular nodal reentry tachycardia in congenital heart disease
patients

There are only few published reports on catheter ablation of
AVRT and AVNRT in CHD patients. A large single-centre study
of 83 patients, including 17 patients with single ventricles,
reports an acute success rate of 80, 82% for left- and 70% for
right-sided accessory pathways. There were two major complica-
tions, including one death. Most other data are available from
patients with Ebstein’s disease. In this group, overall acute
success rates are slightly less as compared to patients with
normal hearts and range between 76 and 83% in the largest
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series. The reported rate of recurrences is up to 25% of patients
with a tendency to be increased in smaller patients, in cases with
multiple accessory connections or in a more complex anatomy.
Furthermore, these factors are associated with a higher complica-
tion rate. Reported is one patient out of 59 in the registry for a
procedure-related complete AV block with need for a permanent
pacemaker and two children with Ebstein’s disease with coronary
artery occlusions. Ineffective ablation procedures are predomin-
antly seen in small children with complex cardiac malformations
or in cases with a close spacial relation of the accessory
pathway to the AV node. Especially in these constellations the
use of cryoablation may be of help to increase the safety margin
of such intervention. Catheter ablation of accessory pathways
can become very difficult and less successful following surgical
interventions, such as the Fontan operation or AV valve replace-
ment. Therefore, ablation of an accessory pathway should be con-
sidered prior to a surgical intervention even in asymptomatic
parcients.zzg’233

Catheter ablation of atrial tachycardia in congenital heart
disease
Atrial tachycardia represents the predominant cause of SVT in
CHD patients, in particular after having undergone surgical repair
or palliation on the atrial level or with a transatrial route.
Heterogeneous surgical procedures and post-surgical electro-
anatomical situations can create almost any kind of macro-reentrant
circuits. This challenges the electrophysiologists particular under-
standing of the congenital anatomy, the variations of surgical and
interventional procedures.

Atrial tachycardia in simple congenital heart disease after transatrial
surgical approach

In simple congenital heart defects with normal AV connections and
dimensions, normal position of the AV valves and regular venous
return (i.e. atrial or ventricular septal defects) atrial macro-reentry
tachycardia is expected to travel through the cavo tricuspid
isthmus (CTI) or along the inferolateral free right atrial wall
between the caudal end of the atriotomy scar and the orifice of
the inferior caval vein in the vast majority of cases. Myocardial
scars resulting from cannulation, atriotomy, and septal patches are
typical electrical obstacles that may collaborate with natural barriers
of conduction to perpetuate myocardial reentry circuits in the post-

operative situation.**

Atrial tachycardia in complex congenital heart disease after extended
surgery on the atrial level

In complex CHD a more complex surgery on atrial level can be
expected. Therefore, close look into surgical reports is mandatory
as well as detailed knowledge about the individual characteristics of
the CHD and associated anomalies. Post-operative electro-
anatomy in these hearts bears potential for more complex and
multiple macro-reentrant circuits. Typical representatives are
patients with complete transposition (d-transposition of great ar-
teries) after atrial redirection surgery of the Senning or Mustard
type as well as univentricular hearts after Fontan-type pallia-

tions.1 26,235-237

Atrial tachycardia after Mustard/Senning operations

The task list of an electrophysiological procedure in a patient after
an atrial switch operation consists of programmed atrial and ven-
tricular stimulation to inspect AV nodal and Hisian conduction
properties, responses of the sinus node, exclusion of an accessory
AV connection, and finally to induce atrial reentrant tachycardias.
The course of any sustained atrial tachycardia should be recon-
structed. With the help of entrainment stimulation the critical
zones of each tachycardia can be identified within the 3D map.
After successful termination of each tachycardia the completeness
of the electrical dissection of the targeted channel needs to be
verified by further reconstructions of the activation spread
during stimulation at each of its poles.”" If an atrial tachycardia
has been documented in a Mustard or Senning patient but is not
inducible during the EP procedure, a general strategy to lower
the burden of these arrhythmias with their high clinical impact
should be discussed by targeting the CTl because of its predomin-
ant involvement in atrial reentry loops. As in the majority of cases
the most relevant portion of the CTl is expected to be assorted
towards the pulmonary venous isthmus, a crucial part of the pro-
cedure is to approach such target site either via a retrograde,
transaortic route or preferably with a direct trans-baffle

access.65‘66'72'73

Atrial tachycardia after Fontan operations

Typical for these patients are multiple atrial macro-reentrant cir-
cuits sometimes utilizing a myocardial area as a common link for
figure of an ‘eight reentry loop’ or even more complex circuits.
In addition, non-automatic foci and micro-reentry mechanisms
are frequently seen causing problems in understanding the electro-
physiological data particularly if different loops or mechanisms
switch over to each other showing just subtle changes in cycle
length or electric markers.

An impression of the individual anatomic situation can be pro-
vided by imaging of the right atrium (MRI or CT scans). Incorpor-
ation of such data into modern 3D navigational tools can aid the
electrophysiological procedure as well as selective right atrial
angiographies. The initial step of the electrophysiological proced-
ure is focused on localization of the sinus node region and the
His bundle signal aiming to minimize the risk of inadvertent
damage to the normal conduction tissues.”*® During sinus or
basic rhythm as well as while atrial pacing the gross activation
spread over the enlarged atrial myocardium needs to be recog-
nized with special attention to regions of electrical silence, areas
of slowed conduction with fragmentation of local electrograms
and potential myocardial channels bordered by acquired or
natural barriers of electrical conduction.

Each atrial tachycardia needs to be reconstructed in order to
identify its particular course within the right atrium. Entrainment
pacing and mapping of mid-diastolic and fragmented local signals
help to identify critical regions for the maintenance of the tachy-
cardia in case of a macro-reentry. Typical sites for successful abla-
tion are the inferior (caudal) pole of the atriotomy scar in close
proximity to the inferior caval vein, the CTlI, if an imperforate or
surgically closed tricuspid valve annulus is present, the cranial con-
nection of the right atrium towards the pulmonary trunk and the
circumference of the dilated inferior vein cava.
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If a spread of activation suggests a focal automaticity or micro-
reentry as the underlying substrate for tachycardia mapping man-
oeuvres concentrate on identification of the site of earliest local
activation in comparison to the onset of the P-wave in the
surface ECG-recording.

In classical Fontan patients, ablation success is most frequently hin-
dered by multiplicity of mechanisms and substrate sites as well as by
limited lesion formation due to the thickened right atrial myocar-
dium. This limitation often requires creativity in selecting alternative
ablation sites and routes towards more reactive myocardial
regions. The use of irrigated ablation as well as large-tip catheters
with high-output radiofrequency generators are an option, but the
application of higher amounts of energy has to be carried out in
secure distances to all parts of the specific conduction system.239'240

Modern, tunnel type of Fontan operations

Due to less extended atrial surgery and the lower mean patient
population age with less alterations on the myocardial level, we
are thus facing less complex atrial tachycardias in these patients.
However, the vast majority of atrial arrhythmias is generated
within the atrial level of the functionally pulmonary venous site.
Therefore, the leading problem for catheter ablation in these con-
ditions is to find or create a safe access route to the pulmonary
venous atrium and other intraatrial structures. Successful entries
are via surgically preformed leaks or by trans-baffle puncture in
cases of intracardiac tunnels. Furthermore, a hybrid procedure
can be discussed if no transvenous or arterial access is possible.
In highly specialized centres a trans-thoracic access is provided
by the surgeon allowing the electrophysiologist to create a trans-

myocardial direct entrance into the pulmonary venous atrium.”®

Results of catheter ablation of atrial tachycardia in congenital heart
disease patients

In recent years, the results of catheter ablation have improved with
success rate between 80 and 90%. This is the result of both improved
understanding of tachycardia mechanisms and reentry courses by
using 3D mapping systems and enhanced lesion generation by new
ablation catheter technology.70 In patients after classical Fontan
surgery success rates are significantly lower due to the muiltiplicity
of substrates and current limitations regarding lesion formation in
the extremely thickened right atrial myocardial walls. The recurrence
rate ranges between 20 and 30% for the first 3 years after ablation,
resulting from partial recreation of targeted tissue or creation of a
new tachycardia substrate.”” Usable data about complications are
lacking in the literature. The list of potential complications includes
accidental damage to sinus node or AV nodal tissue, myocardial per-
forations related to transseptal or trans-baffle punctures, occlusion or
damage of peripheral veins or arteries, and thrombembolism from
the pulmonary venous atrial level particularly after ablation. To
lower the risk of the latter complication systemic anticoagulation is
advisable for a period of 3—6 months for any ‘left-sided’ pulmonary
venous lesions after radiofrequency current ablation.

Catheter ablation of ventricular tachycardia in congenital
heart disease

Ventricular tachyarrhythmias typically occur after cardiac surgery
with ventriculotomies or ventricular muscular resections. Most

data are reported about patients after corrective surgery for tetral-
ogy of Fallot followed by more anecdotal data from patients after
surgery for double-outlet RV, ventricular septal defect (VSD) clo-
sures, and Rastelli procedures. Comparable with the findings on
the atrial level in patients with any type of CHD the predominant
mechanism for the VTs is a macro-reentry circuit rather than focal
automaticity. Reentry loops are channelled around natural electric-
al obstacles in collaboration with closely related acquired post-
surgical barriers.

With the use of programmed ventricular stimulation macro re-
entrant tachycardias can often be induced and mapped utilizing the
same algorithms as described for the atrial level if sustained and
tolerated by the patient. In case of non-inducibility or haemo-
dynamic intolerance, a pure substrate mapping can be performed
with identification and topographical recognition of scars, natural
electrical barriers, areas of slowed and inhomogeneous conduc-
tion, and apparently healthy myocardium. Together with the imple-
mentation of modern 3D electro-anatomical navigational systems
the accumulated data may guide catheter ablation independently
of the inducibility or tolerance of a VT. Reports about catheter ab-
lation of VT in patients with congenital heart defects are rare and
most anecdotal. The largest series summarize 11'* and 14" con-
secutive patients with ablation attempts for VT predominantly in
patients after surgery for tetralogy of Fallot. Acute success rates
range from 50 to 100%, rates of recurrence from 9 to 40% in a
mean follow-up period from 30.4 to 45.6 months.

Despite improved electrophysiological understanding with the
use of 3D electroanatomical tools, improved ablation technology
and facing the present limitations regarding efficacy and reliability
of lesion generation in thickened and fibrotic ventricular myocar-
dium, respectively, VT catheter ablation can only be seen as a stan-
dalone therapy in patients with haemodynamic well tolerated
monomorphic VT with good systemic ventricular function,

In cases of rapid VT with clinically proven or indicative serious
consequences the role of catheter ablation is focused to reduce
the arrhythmia burden in patients who are already protected by
an implantable cardioverter/defibrillator.

Three-dimensional mapping and
non-fluoroscopic navigation

Non-fluoroscopic navigation

Progress in computer technology has helped to overcome at least
some problems encountered during mapping and ablation of paedi-
atric arrhythmias. One aspect of concern is still the considerable
radiation exposure during ablation procedures for our small
patients as well for the physicians and staff working in the electro-
physiological laboratory. As the main purpose of radiation is the
control of the positions of the electrode catheters, especially the
mapping and ablation catheter, non-fluoroscopic 3D catheter navi-
gation systems have been developed. The Localisa® system (Med-
tronic) has been upgraded to NavX® system (St Jude Medical).
Both systems have been reported to increase efficacy and to
reduce significantly fluoroscopy exposure and total procedure
time for ablation of SVT in patients with normal cardiac
anatomy. The NavX® system even allows integration of CT or

. 175.212,241-243
MRI scans of the cardiac chambers.
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Three-dimensional mapping

The electroanatomical mapping system (CARTO®, Biosense
Webster) and the non-contact mapping system (NavX®/Ensite
3000®, St Jude Medical) permit construction of a virtual 3D map
of the selected chamber and direct association of electrical activity
at a particular location of myocardium with the corresponding ana-
tomical structures. The tip of the mapping and ablation catheter is
displayed on the computer screen, allowing catheter manipulation
without fluoroscopy and therefore significant reduction of radi-
ation. Anatomical landmarks, areas of electrical isolation, double
potentials, and scar tissue as well as ablation lesions can be labelled
in the reconstructed anatomy. These systems, although based on
completely different technologies, allow precise assessment of
propagation of the cardiac activation wavefront during sinus
rhythm and atrial and ventricular reentrant tachycardia and identi-
fication of the critical areas of the reentrant circuit, the prerequis-
ite for targeting effective radiofrequency energy delivery.

Remote magnetic catheter navigation has recently been intro-
duced into clinical practice. In combination with a non-fluoroscopic
mapping system, the technology allows precise catheter navigation
with a low radiation exposure for the patient and nearly no

radiation exposure for the staff.>****

Transcatheter cryoablation

The use of cryoenergy in the treatment of cardiac disease was
firstly described by Harrison et al. in 1977 as a new method of pro-
ducing AV block. After that, Klein et al. reported the use of cryo-
therapy in ablation of AV node to treat a recurrent SVT followed
by implantation of a cardiac pacemaker.>*®

Cryoenergy produces a permanent lesion due to cell necrosis,
caused by application of very low-temperature freezing the tip of
special ablation catheters placed against the area of the heart
causing arrhythmia. The benefit of this system over RFA is its
ability to find the most suitable site for ablation through transi-
tory electrical paralysis of the heart tissue in contact with the
catheter tip, frozen to —30°C (cryomapping). If the site is suit-
able, the tissue causing the arrhythmia loses its excitability. A
permanent lesion is created only subsequently, with further
freezing to even lower temperatures (cryoablation). Both benefi-
cial and any unwanted effects can thus be assessed in the cryo-
mapping stage or during the initial part of cryoablation, and, if
necessary, cryoenergy application can be stopped before any
permanent damage is caused.

Cryoablation has been used in different substrates including ac-
cessory pathways, and in these preliminary experiences, an acute
success rate ranging from 62 to 92% was reported.”*’~?** Unfor-
tunately, a high recurrence rate (7—29%) was also described.?*°

The first data about the use of cryoablation in AVNRT showed
an acute success rate ranging from 83 to 96%. Unfortunately,
also in this case, a high recurrence rate (7-29%) was also
reported, 247 ~249251.252

In order to achieve acute and long-term success rate various
type of ablation strategy has been proposed. These are: the use
of prolonged cryoablation (until 8 min) followed by a bonus
cryoapplication to consolidate the lesion,”? the use a larger tip
of the cryocatheter (6—8 mm), and linear lesion cryoablation to
extent the lesion.”*~2%® Using these types of ablation strategy,

the results of cryoablation in children with AVNRT are getting
comparable with RFCA B149:176:215.257

Cryoablation of FAT, often performed with the help of the non-
fluoroscopic navigation system, has been reported with a success
rate ranging between 0 and 100%.

Cryoablation is to be recommended as an effective and very safe
alternative of RFCA in definitive resolution of JET because of the
preservation of AV nodal function,'2#8-20

Very few studies in the literature reported the efficacy and safety
of transcatheter cryoablation in resolution of VT in children.>*®
Therefore, in this particular situation, cryoablation cannot be yet
considered an alternative to RFCA.

With respect to complications of transcatheter cryotherapy, no
permanent AV block in the acute phase or subsequently—nor any
other major complication—has been reported in any caseload.

Indications for catheter ablation
in the paediatric population
Catheter ablation is increasingly used in children as an alternative
to antiarrhythmic drug treatment. In experienced centres paediat-
ric catheter ablations can be performed safely and effectively even
in young children with outcomes comparable to adult studies.
However, major complications, especially inadvertent AV block re-
quiring lifelong pacemaker therapy and the potential risks of radi-
ation exposure in a young individual should be carefully weighed
against the natural history of the arrhythmia and the risks and
side effects of medication. Guidelines for indications for catheter
ablation and antiarrhythmic drug therapy for ventricular and
SVTs in children are shown in Table 4. The indications for catheter
ablation are based mainly on the results of the large retrospective
and prospective multicenter paediatric RFCA studies from the
USA, smaller single-centre experiences, and previously published
guidelines for adults and children Although RFCA procedures
can be performed safely in infants and young children most
studies report a higher rate of severe complications in this age
group. Furthermore, there are still limited data on the long-term
effects of radiofrequency lesions on the immature myocardium.
It is therefore recommended to consider RFCA in infants and
young children only when all antiarrhythmic therapies have failed,
including Class | and Il antiarrhythmic drugs and drug combina-
tions 6747:616290,125,132,135-137,145,172,173

These guidelines aim to be helpful as a practical outline for the
management of arrhythmia in children with and without CHD, but
it is emphasized that individual decision making remains of utmost
importance especially in young children. It is acknowledged that
antiarrhythmic drug therapy can be evenly effective and may be
preferred in specific circumstances especially in the younger age

group.

Ablation procedure in children

Equipment and personnel

Paediatric catheter ablation procedures should be performed in
specialized centres by paediatric electrophysiologists or by adult
electrophysiologists experienced in paediatric ablations in collab-
oration with paediatric cardiologists. Furthermore, catheter abla-
tions in young children should be performed in institutions with
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the facility to treat children including paediatric cardiac surgery and
anaesthesia. The cardiac catheterization laboratory has to be oper-
ational for paediatric catheterizations as well as for EPSs and cath-
eter ablation procedures, regarding materials, equipment, and
nursing staff. Although most operators prefer biplane fluoroscopy
this is not obligatory. Minimization of radiation exposure is of great
importance in young patients. This can be achieved by the use of
up to date fluoroscopy equipment, operators aiming at low fluor-
oscopy time in every single procedure. Nowadays, the use of 3D
mapping and non-fluoroscopic navigation has become indispensible
for more complex arrhythmias, including those in young patients
with CHD." 17

Sedation

The majority of paediatric patients undergoing catheter ablation
will require some form of sedation to ensure the child’s comfort.
In older children procedures can be safely performed under con-
scious or deep sedation. In addition to local anaesthesia commonly
used intravenous drugs for deep sedation are midazolam, keta-
mine, fentanyl, and propofol. If procedures are performed under
deep sedation careful monitoring of heart rate, respiratory rate,
blood pressure, and oxygen saturation is mandatory as well as
close observation of the patient by one of the nursing staff. In
younger patients under the age of 10 to 12 years, procedure are
mostly performed under general anaesthesia. Although general an-
aesthesia for paediatric ablations obviously has some clear advan-
tages for both patient and medical team, anaesthetic drugs can
sometimes negatively influence inducibility of tachycardias, espe-
cially in those tachycardias with automatic mechanisms.

Catheter ablation

Catheter ablation in small children may require specific modifica-
tions to potentially lower the risk of vascular or cardiac complica-
tions. In infants and young children these modifications may include
the use of 5F RFA catheters and single diagnostic EP catheters for
both atria and ventricular pacing and recording. Reduced power
and temperature setting and the use of short test lesions potential-
ly reduce the risk for coronary and myocardial damage.”***** In
recent years cryoablation has been increasingly used as therapy
for paediatric SVT. In the majority of centres performing paediatric
ablation, cryoablation has become the treatment of choice for
AVNRT and AVRT caused by para-Hisian, anteroseptal and right
midseptal accessory pathways in school-age children. Presently,
cryoablation is still less suitable for infants due to the relatively
large size and stiffness of the catheter. Radiofrequency catheter ab-
lation is still the preferred method in all other cases.

Electrical devices in children

Antibradycardia pacing

Current evidence-based knowledge

During last decades pacemaker technology has developed rapidly.
Pacing generator size has diminished and pacing leads have become
progressively thinner. These developments have made application
of cardiac pacing in children easier although no dedicated paediat-
ric pacing systems exist.

The rate of lead-related problems in paediatric patients is high.
In the largest paediatric study on pacing system survival a total of
1007 leads were implanted in 497 patients. Lead failure occurred
in 155 leads (15%), and 115 patients (23%), with 28% of patients
experiencing multiple failures. Predictors of lead failure included
younger age at implant, CHD, and epicardial lead placement.
Epicardial leads were more likely to fail due to fracture or exit
block, while transvenous leads failed more due to insulation
breaks or dislodgements.*® The survival of modern steroid
eluting epicardial leads is good and can be considered almost
equivalent to that of endocardial pacing leads with lead survival
at 2 and 5 years of 99 and 94% for atrial leads and 96 and 85%
for ventricular leads, respectively, while the electrical performance
of the leads remains stable.”’

Endocardial lead placement in infants and small children is one of
the most contentious issues in paediatric pacing. While many
reports have shown the feasibility of this approach, it has not
become generally accepted. In experienced hands it may,
however, provide an acceptable alternative to epicardial pace-
maker implantation, although many patients need lead or gener-
ator interventions before battery depletion, and long-term lead
survival may be decreased compared to epicardial lead
placement.Z(’O'261

The early complications of transvenous electrical device im-
plantation include lead dislodgement, pocket haematoma or bleed-
ing, pneumothorax, heart perforation, cardiac tamponade,
device-related infection, and venous thrombosis. In children, the
complication rate is probably increased compared with adult
patients, although no data on implantation complications in the
recent era are available.”*

Epicardial pacemaker implantation carries the risks associated
with thoracic surgery, including bleeding and post-pericardiotomy
syndrome. Also, cardiac strangulation by the epicardial leads has
been reported as a rare complication. Acute exit block and lead
fracture continue to occur even with steroid eluting epicardial
leads and may give rise to loss of pacing function.?®?

A legitimate concern for patency of the venous system of endo-
cardially paced very small children remains, given the fact that the
venous occlusion/stenosis rate may be as high as 25% in unselected
pediatric transvenously paced patients >3 years of age. Although
venous obstruction is almost always silent due to collateral forma-
tion, problems with vascular access can arise at the time of pacing
system upgrade or revision.

Perhaps the most difficult complication of cardiac pacing in all
age groups is pacing system infection. Its incidence, risk factors
and aetiology are reviewed in a recent North American scientific
statement, which also gives recommendations on infection
prophylaxis and treatment of infected pacing systems.***

Pacemaker infections occur more frequently in paediatric popu-
lation with infection rates between 1 and 8%. Patients with endo-
cardial leads have composed two-thirds of reported cases, but no
clear differences in rates of epicardial and transvenous pacemaker
infections have been recognized in most of the studies. In the
largest paediatric survey, 385 pacemaker procedures over a
20-year period were analysed. Thirty infections (7.8%) were iden-
tified. Of these infections, 19 (4.9%) were superficial and were
treated successfully with antibiotics only, whereas 9 (2.3%) were
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deep pocket infections that required removal of the generator and
leads. Two (0.5%) infections were recognized based on isolated
positive blood cultures. The only risk factors for infection in multi-
variate analysis were the presence of Down syndrome and reinter-
vention for revision of the pacing system. Subpectoral placement of
a device may have a reduced infection risk compared with a pre-
pectoral location.”®®

A retrospective multicentre cohort study evaluated the inci-
dence of paradoxical thromboembolic events in patients with
intracardiac shunts at the time of device implantation. The study
cohort consisted of 202 adult patients with CHD: 64 patients
with endocardial and 56 with epicardial pacing systems, and
82 patients with right-to-left intracardiac shunts without a pace-
maker. Over the follow-up period of the study (overall median
follow-up of 11.8 years) there were 10 (15.6%) embolic events
in the endocardial lead group, 5 (8.9%) events in the epicardial
lead group, and 9 (10.8%) events in the group without a pace-
maker. In multivariate analysis endocardial leads were an independ-
ent risk factor for these events.?®

Long-term pacing studies in adults have revealed that pacing the
apical RV can have deleterious effects on LV function.”®” This has
also been shown in smaller studies of young patients with com-
plete AV-block. In a study of 24 patients RV apical pacing led to
LV dysfunction. Both LV systolic and diastolic function indexes
were impaired, when compared with controls. Paced QRS dur-
ation had a significant influence on LV contraction.”*® Another
group studied 23 patients with congenital complete AV block at
least 5 years (mean 9.7 years) after DDD pacemaker implantation.
When compared with healthy control individuals, the patients had
significantly higher values of pathologic LV remodelling, dilatation,
and hypertrophy together with intraventricular dyssynchrony and
decreased exercise capacity.”®” In a cohort study of 63 patients
with complete congenital AV block and normal ventricular function
at the time of pacemaker implantation, 4 patients (6%) developed
LV dysfunction after an average of 15.1 years of chronic RV pacing.
The cumulative survival free of LV dysfunction at 20 years was 92%.
Right ventricular apical pacing and prolonged QRS duration pre-
dicted decreased LV systolic function. Pacing the RV free wall
increases the risk of developing LV dysfunction, with an odds
ratio of 14.3 compared with other RV pacing sites. Also,

histological changes have been reported in endomyocardial biop-
sies after median 5.5 years (3—12 years) of RV apical pacing for
congenital complete AV block.>’0~%7>

The importance of avoiding these long-term deleterious effects
is self-evident in paediatric patients in need of many decades of
pacing. The potential of RV pacing to cause irreversible damage
to cardiac function has led to search of alternative sites of ventricu-
lar stimulation that would better preserve LV function. The pro-
posed sites have included alternative RV sites (RV outflow tract,
RV septal pacing and His bundle/para-His pacing), as well as the
LV. The various studies are summarized in a recent review."* Al-
though the study results on the effects of RV septal or RVOT
pacing are conflicting, it seems that the RV mid-septal area may
provide the shortest QRS duration and may better maintain LV
systolic function. Further studies with common nomenclature for
different RV pacing sites are needed.”®’

Recently, great interest has been focused on LV as an alterna-
tive pacing site. Based on animal studies and acute post-operative
experiments in children it seems that LV apical pacing provides
better LV haemodynamics compared to RV pacing sites.”’>*"*
In a study of 32 children with complete non-surgical or surgical
AV block, LV ejection fraction, septal to posterior wall motion
delay, and septal to lateral mechanical delay were better pre-
served in patients with LV apical pacing compared with both
RV apical and RV free wall pacing.”® Another study investigating
25 paediatric patients with normal cardiac anatomy and single-
site epicardial RV apical pacing or LV free wall pacing for com-
plete heart block showed better LV performance in those
paced in the LV.%”¢

Automatic threshold measurement and pacing output adjust-
ment algorithms are a standard feature in modern pacemakers.
They have been designed to provide increased safety in
pacemaker-dependent patients and prolong battery life by allowing
lower pacing output safety margin. These algorithms work well

also in children, both in ventricular and atrial leads.?””~27°

Indications for cardiac pacing

The most common indications for pacing in paediatric patients are
complete heart block, either congenital or post-operative, and
sinus node dysfunction after surgery for CHD. The indications

Table 5 The consensus panel recommendations on preferred pacemaker implantation access, pacing modes, and
ventricular lead placement in pediatric patients with AV block, systemic LV, and absence of intracardiac shunts

Patient size (kg)

<10 Epicardial
Endocardial—in specific situations
(failed epicardial, centre preference)

10-20 Epicardial
Endocardial
>20 Endocardial

Epicardial—in specific situations
(e.g. concomitant with other cardiac surgery)

Pacing mode Ventricular lead placement

VVIR LV apex
DDD(R)—in case of a specific RV septum
haemodynamic indication

VVIR LV apex

DDD(R) — in case of a specific RV septum
haemodynamic indication
DDD(R) RV septum
VVIR LV apex or free wall—based

on surgical feasibility

AV, atrioventricular; LV, left ventricle; RV, right ventricle
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have been addressed in both North American device therapy
guidelines and European pacing and cardiac resynchronization
therapy guidelines and will be summarized below.”*>?®" See also
Table 5.

Disorders of atrioventricular conduction
Complete congenital atrioventricular block
Class |

(1) Complete congenital atrioventricular block in a newborn or an
infant with a ventricular rate <55 b.p.m. or with CHD and a
ventricular rate <70 b.p.m. (C)

(2) Complete congenital atrioventricular block with a wide
complex escape rhythm, complex ventricular ectopy, or ven-
tricular dysfunction. (B)

(3) Complete congenital atrioventricular block beyond first year
of life with an average heart rate <<50 bpm, abrupt pauses in
ventricular rate 2—3x basic cycle length, or associated with
symptoms of chronotropic incompetence. (B)

Class Il

(1) Complete congenital atrioventricular block in asymptomatic
children and adolescents with an acceptable rate, a narrow
QRS complex and normal ventricular function. (C)

Other non-surgical atrioventricular block
Class |

(1) Advanced second- or third-degree AV block associated with
symptomatic bradycardia, ventricular dysfunction, or low
cardiac output. (C)

Post-operative atrioventricular block
Class |

1. Post-operative advanced second- or third-degree AV block not
expected to resolve or persisting at least 7 days after cardiac

surgery. (B)
Class Ilb

1. Transient post-operative third-degree AV block with residual
bifascicular block. (C)

Sinus node dysfunction
Class |

(1) Sinus node dysfunction with correlation of symptoms during
age-inappropriate bradycardia. (B)

Class lla

1. Asymptomatic sinus bradycardia in children and CHD with
resting rate <40 b.p.m. or pauses in ventricular rate >3s. (C)

2. Sinus node dysfunction with intra-atrial reentrant tachycardia
with the need for antiarrhythmics when other therapeutic
options, such as catheter ablation, are not possible. (C)

3. Congenital heart disease and impaired haemodynamics due to
sinus bradycardia or loss of AV synchrony. (C)

Class llb

(1) Asymptomatic sinus bradycardia in the adolescent with CHD
with resting rate <40 bpm or pauses in ventricular rate
>3s. (C)

Other indications. Neuromuscular disease associated with AV conduction
disease [e.g. myotonic muscular dystrophy, Kearns—Sayre syndrome, Erb
dystrophy (limb girdle), peroneal muscular atrophy etc].

Class |

(1) Third-degree or advanced second-degree AV block with or
without symptoms. (B)

Class llb

(1) Any degree of AV block, because the progression of the
conduction disease may be unpredictable. (B)

Neurocardiogenic syncope
Class Ilb

(1) Significantly symptomatic patients in who prolonged asystole
can be demonstrated spontaneously or at tilt-table testing. (C)

System choice

It seems that in small children with complete AV block the advan-
tages of AV synchrony compared with asynchronous ventricular
pacing remain small or non-existent. Therefore, it is reasonable
to implant them with a single-lead VVIR pacemaker and to
upgrade to a dual chamber device later, at the time of the first
or second generator exchange.?®*?%3 |n a child with CHD and/or
systemic ventricular dysfunction dual chamber pacing should be
considered as the initial pacing mode. The use of VDD pacing is
possible also in growing individuals with complete AV block, and
would theoretically make possible atrial synchronous ventricular
pacing with a single pass lead.”®" lts appropriate use can,
however, be problematic if atrial pacing becomes necessary and
it is rarely used in children now. In patients with sinus node dys-
function and intact or adequate AV node conduction unnecessary
ventricular pacing should be avoided and atrial pacing used to
maintain heart rate. Alternatively, the use of pacing modes and
algorithms that promote intrinsic AV conduction will decrease
the amount of ventricular pacing in patients with dual chamber
systems.

One of the most important technical challenges in paediatric
pacing is the need for life-long pacing. Repeated generator
changes and increased frequency of lead problems highlight the
need to preserve the patency of the venous system. In neonates,
infants, and small children, most centres use epicardial lead im-
plan‘ca‘cion.285 The choice between epicardial and endocardial im-
plantation technique in these patients depends also on centre
and operator experience, as good long-term results have been
obtained with endocardial lead placement. In bigger children and
teenagers, endocardial lead placement is the standard procedure.
The presence of intracardiac shunts may increase the risk of sys-
temic emboli after endocardial pacemaker implantation. In such
cases the shunts should be closed before or at the time of the
pacemaker implantation, if feasible. Otherwise, epicardial approach
should be contemplated. Epicardial pacing is also needed in
patients with CHD with no venous access to the heart, especially
in patients with univentricular hearts.
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It is well established that long-term RV apical pacing is a risk
factor for LV dysfunction. Therefore, in children and young indivi-
duals in need for life-long pacing alternative pacing sites should be
considered—even in the absence of long-term studies confirming a
better outcome at these sites. In patients in whom epicardial
pacing system implantation is planned, the panel recommends LV
apical lead placement to preserve LV systolic function. When
endocardial lead placement is considered, the preferred implant-
ation site is the interventricular septum.

Technical implantation issues

Epicardial pacemaker lead implantation can occur via a subxiphoid
incision, partial sternotomy or left anterolateral thoracotomy, or at
the time of other cardiac surgery. The leads are tunnelled from the
thoracic cavity into an abdominal or prepectoral subcutaneous
pocket. Excessive redundant intrapericardial loop may lead to
cardiac strangulation.

The preferred route for venous access at implantation of endo-
cardial pacing leads is the axillary vein. This approach avoids tra-
versing the costoclavicular membrane as happens with the direct
subclavian puncture, and thus diminishes the risk for lead crushing.
An appropriate loop of lead is left in the right atrium to allow for
the growth of the child. The loop should not be too excessive to
avoid the adhering of the lead to the tricuspid valve or the atrial
wall, or prolapse of the redundant loop into the RV. The leads
are fixed at the site of vessel entry onto a suture sleeve to
protect the lead. Although there are no systematic studies, absorb-
able sutures may prevent excessive fixation that could cause frac-
ture or insulation defect during growth and also allow easier
mobilization during extraction than non-absorbable sutures.

Pacemaker pocket is usually dissected prepectorally between
the subcutaneous tissue and pectoral fascial plane. In small patients
and in patients with very thin subcutaneous tissue, creation of a
subpectoral pocket yields better cosmetic result and helps to
avoid skin erosion issues and, possibly, infection problems.

In children and young patients active fixation pacing leads should be
used. These leads provide reliable sensing and pacing characteristics,
allow for selecting the desired pacing site and are easier to extract.

Extraction of old pacing leads is a demanding procedure that
carries a risk of serious complications. These procedures should
be restricted to hospitals with immediately available cardiothoracic
surgical back-up. In the adult population the leads can be extracted
with up to 95% success. Significant complications occur in 1-2%,
and mortality rate is 0.1-0.4%. The difficulty and risk profile of
lead extraction is proportional to the duration of implantation.
Some leads can be removed with simple traction, but with increas-
ing implant duration special extraction equipment is usually
needed, including mechanical dissection sheaths with locking
stylets, and special sheaths using radiofrequency or laser energy
to dissect the endovascular fibrous tissue adhesions. The use of
power sheaths facilitates the procedure but does not diminish
the complication risks. All aspects of lead extraction procedures
including the indications, facilities, training, and patient management
are reviewed in a previous consensus document.?®

The most common and compelling indication for lead extraction
in general pacemaker population is infection of the pacing system,
whereas in paediatric and adolescent patients the most common

indication is lead fracture or malfunction.®” =% In young patients
without infection undergoing revision of endocardial pacing leads
the need and possibilities for lead extraction vs. abandonment
should be considered individually taking into account the complica-
tion risks. The acute risks of the procedure should be assessed
against the decreased success rate and increased procedural risks
if the lead is abandoned and a later extraction is needed. Also,
removal of leads when there are multiple leads implanted is
more difficult and more dangerous. The removal of redundant
non-functioning leads in young patients in need of life-long
pacing is a reasonable goal to maintain patency of the endovascular
space when the institutional and operator experience is extensive
enough to minimize complications.

A recent single-centre cohort study with paediatric and
CHD patients described lead extraction procedures involving
144 patients and 203 leads. Of these patients, 86 (60%) had struc-
tural heart disease. Successful simple extraction, requiring the use
of only a non-locking stylet, was achieved in 59 (29%) leads. Of the
remaining leads, 35 were abandoned and 109 underwent complex
extraction techniques. Successful extraction was achieved in 80%
of all leads and in 94% of leads undergoing a complex extraction.
Older lead age, ventricular lead position and polyurethane insula-
tion were associated with a decreased likelihood of simple extrac-
tion. There were four major and four minor procedural
complications in eight patients. No procedure-related deaths
occurred. Lead age was the only recognized factor associated
with procedural complications.*”®

Implantable cardioverter defibrillator

Large studies of ICDs in adults have shown clinical effectiveness and
ICDs are now implanted in children and CHD patients.””' ~2** The
lower incidence of sudden death in the paediatric population—
estimated to be ~1.3-8.5 per 100 000 patient-years—has limited
the number of device implants.””® Nevertheless, the experience
with these devices is increasing and when appropriately used is of
life-saving benefit. Guidelines for device implantation from the
adult population have been extrapolated to children and CHD
patients.”®92% The differences in patient size and cardiac anatomy
of this population, however, lead to unique technical implant chal-
lenges, more frequent complications and the need for modifications
to program settings.

Current evidence-based knowledge

There are no randomized trials of ICD implantation in children and
CHD patients similar to those performed in large adult studies
with hundreds of patients with sustained follow-up.””' ~*** It is un-
likely that with current systems these will be undertaken. The
largest observational study to date in children and CHD patients
is of 443 patients with ICDs implanted at four North American
centres over a 12-year period.*”’ During a similar time frame,
the total number of ICDs implanted in children under 18 years
in the five paediatric cardiology centres in the whole of Holland

numbered 45 over an 11-year period.*”®

Efficacy in primary and secondary prevention
Implantation of an ICD after a cardiac arrest (secondary preven-
tion) produced a survival benefit in adult survivors of cardiac
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arrest when randomized to ICD or no ICD.*’" Small paediatric
observational studies have also shown benefit.?*? 3" Large rando-
mized primary prevention trials in adults with heart failure also
showed a survival benefit from ICD implantation.””*~>** Guide-
lines for primary prevention in children and CHD patients (see
below) are currently in a rudimentary state due to the absence
of any randomized trials or large observational series in well-
defined subpopulations. Published studies use different definitions
of ‘paediatric’ with an age ranging from 18 to 21 years, may
include older adults with CHD and rarely concentrate on a specific
subpopulation (due to small numbers). During follow-up, appropri-
ate shocks have been reported in as many as 40—67% when the
device has been implanted for secondary prevention. In mixed
series and when used as primary prophylaxis, the incidence of an
appropriate shock ranges from 10 to 26%.'727773%4

Complications of implantation

The complications associated with ICD implantation are similar to
those of pacemaker implantation. The larger generator size
increases the risk of local complications (including infection) with
subcutaneous placement and submuscular implantation is there-
fore preferred where it is also cosmetically more acceptable and
more protected against trauma. Modern lead sizes are only margin-
ally larger than pacemaker leads and access and placement is
similar as is long-term stability. Epicardial placement of patches is
associated with a post-pericardiotomy syndrome and migration
of the patches during growth. A specific early complication is elec-
tromechanical dissociation requiring cardiopulmonary resuscitation
during induction of VF for threshold testing in the setting of poor

ventricular function.>%®

Lead complications and system survival

Children are more active than adults and this may explain the
increased incidence of lead malfunction. Lead fractures and insula-
tion breaks are associated with inappropriate shocks and failure of
the device to be effective during an episode of VF. The incidence in
adults is 20% at 10 years whereas in children it may approach
7-30% by 2 years in some series.””’% 3% | ate rises in defibrilla-
tion thresholds have also been reported to be more frequent in
children requiring system revision when reprogramming a higher
output is ineffective.>***%” This is a particular problem associated
with coils implanted subcutaneously or in the pericardium;
system survival for transvenous systems was 75% at 40 months

but fell to 50% for non-transvenous leads.>**

Inappropriate therapy. In almost all series reported, the incidence of
inappropriate shocks is only slightly lower than the incidence of ap-
propriate shocks ranging from 17 to 23% for primary prevention
and up to 30% for secondary prevention.??”?783%0-303 Cqses of
inappropriate shocks are sinus tachycardia, SVAs, T-wave oversen-
sing and lead malfunction.

The higher heart rate achieved by children when exercising is a
common cause for delivery of an inappropriate shock. Avoidance
of this is by documenting the upper heart rate achieved on exer-
cise — ideally prior to device implantation, the use of beta-blockers
to reduce the upper heart rate and programming a high enough
rates to avoid triggering a shock during sinus tachycardia. Other
reasons for an inappropriate shock include atrial tachycardias and

AF which may be preventable using atrial therapies in dual
chamber devices or amenable to ablation. Despite use of dual
chamber devices to try to discriminate SVAs from VF this
remains a problem. In one study of 168 patients, the rate of in-
appropriate shocks was only 13% in the patients with a single
chamber device compared with 24% in those with a dual
chamber device*®* It is not clear whether this was by chance or
due to paying more attention to beta-blockade and rate program-
ming in single-chamber devices while relying on discriminating algo-
rithms in the dual chamber devices. T-wave oversensing requires a
reduction in ventricular sensing while avoiding undersensing of VF.
It is a particular concern with HCM and LV non-compaction. The
increased activity levels in this population produce more frequent
lead malfunction which can cause oversensing and induction of a
shock. It usually requires lead replacement—see following section.

Arrhythmia storm. An infrequent but important complication is the
development of an arrhythmia storm. In this situation, an appropri-
ate shock causes pain and sympathetic stimulation leading to
further ventricular arrhythmia followed by another shock. This se-
quence can be repeated continuously until either spontaneous ces-
sation, medical attention is obtained and the device is inactivated
while antiarrhythmic therapy is delivered or electromechanical dis-
sociation and death.?*”*?® It is particularly of concern in patients
with the LQTS and CPVT where brief ventricular arrhythmias
that might not have been clinically noticed trigger an initial dis-
charge followed by this potentially fatal sequence. Prolonging the
detection time is a means to delay the onset of a shock, which
may then be avoided in self-limiting arrhythmias.

Indications according to available guidelines

Indications for ICD implantation for the paediatric and CHD
patient group have been addressed in the North American
device therapy and North American and European ventricular ar-
rhythmia guidelines.”®>**® The American guidelines state that the
indications for implantation are broadly similar to those used in
adults.

Class | indications:

e Secondary prophylaxis after cardiac arrest where no reversible
cause has been found including patients with a structurally
normal heart, CHD, cardiomyopathies, and channelopathies. (B)

e Symptomatic sustained VT in patients with CHD. Full haemo-
dynamic and anatomical assessment should be undertaken so
that surgery or catheter intervention can be performed if appro-
priate. In some RFA my also avoid the need for an ICD implant. (C)

e Symptomatic sustained VT in patients with cardiomyopathies
and significant LV dysfunction. (A)

Class Il indications:

e Congenital heart disease patients with recurrent syncope and
ventricular dysfunction or inducible ventricular arrhythmias. (B)

e Recurrent syncope in LQTS and CPVT patients on full doses of
beta-blockers. (B/C)

e Long QT syndrome and medication non-compliance, intoler-
ance to medication. or a family history of sudden death (see
comment below). (C)

e HCM with 1 or more major risk factors who are receiving
chronic optimal medical therapy [family history of sudden
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death; >1 episode of unexplained, recent syncope; massive LV
hypertrophy (thickness >30 mm) in adolescents and older;
hypotensive or attenuated blood pressure response to exercise,
non-sustained VT on serial ambulatory 24-h Holter ECGs]. (C)

e Arrhythmogenic right ventricular cardiomyopathy with exten-
sive disease, including those with LV involvement, family
history of sudden death, or undiagnosed syncope when VT or
VF has not been excluded as the cause of syncope. (C)

In the congenital LQTS ICD implantation has been recommended
for a family history of sudden death. A more recent report from
the International Long QT Registry has shown that family history
of sudden death is a poor predictor of events.>” Patients with
long QT3 have more prolonged QT intervals and in some a lower
response to beta-blockers. In these ICDs are often implanted on a
prophylactic basis.

Strong arguments have been marshalled for using the adult
study-derived indication of an ejection fraction below 30—35% as
an indication for ICD implantation in CHD patients.310 Equally
strong arguments have been made that these criteria should not
be applied rigidly to this population.>"" Given the differences in
the underlying conditions and the better prognosis of heart
failure in younger patients, an individualized approach is recom-
mended. A combination of poor ventricular function and arrhyth-
mia burden and especially in combination with symptoms, together
with the patient’s attitude may all be used to weigh up the course
of action in any individual.

Technical implantation issues™*#¥#

In adult practice, modern ICDs are easily implanted in the subcuta-
neous or submuscular position in the chest using local anaesthetic
and sedation. Commonly, they will be combined with dual- or
triple-chamber function with all the leads implanted transvenously.
In children above 20—-25 kg, small ICDs can also be implanted in a
similar fashion under general anaesthesia. Single-chamber devices
in smaller children are often used to prevent venous obstruction.
A loop of ICD lead in the right atrium allows somatic growth of
the child without displacement of the lead or the need for lead
advancement. When choosing an ICD lead, there is a balance
between the lower defibrillation thresholds obtained with dual
coil leads and the need to avoid the second coil lying in the sub-
clavian vein or pocket in smaller children where it may become ad-
herent with a risk of lead disruption during growth. Transvenous
placement into hearts with right to left shunts or into the systemic
ventricle is possible but has to be accompanied with long-term
anticoagulation.

In children between 10 and 20kg, abdominal positioning of the
device is usually required due to its size with transvenous leads
tunnelled from the subclavian vein to the pocket. In children less
than 10 kg, placement of the generator is usually possible in the
abdomen although epicardial placement of the pacing leads and
defibrillator patches or coils is required.

In patients with CHD who do not have access to cardiac cham-
bers or to avoid implantation into a systemic chamber or in any
size patient where vascular access is no longer available or
where a multi lead system [e.g. when additional cardiac

resynchronization therapy (CRT) is required] will occlude the sub-
clavian vein, epicardial systems are required.

In order to avoid the use of epicardial defibrillator patches, with
their longevity problems, novel placement of defibrillator coils
have been used with encouraging results. Subcutaneous, pericardial
and pleural placement of defibrillator coils have all been used with
good effect although the longevity of these systems is less than
with transvenous coils.>** On occasion a hybrid approach with
one or more leads placed via a transvenous route and one or
more via an epicardial or subcutaneous approach is necessary.
This requires co-operation between implanters and surgeons.

A ‘leadless’ ICD is now available that has the generator placed
subcutaneously in the left anterior chest together with a paraster-
nal subcutaneous lead that allows both defibrillation and back up
post-shock pacing. The current system is suitable for adults and
children over 40Kg only.3">*"3 It needs to be combined with an
additional conventional pacemaker if constant pacing is required.
With continued miniaturization of the device, together with the
ability to implant without intravascular or intrathoracic leads, the
prospect of liberalizing the indications for ICD implantation may
allow randomized studies to be possible in the not too distant
future.

Implantable cardioverter defibrillator lead extraction is similar to
that of pacing leads.

Psychological and lifestyle issues

In children who have an ICD after an out of hospital cardiac arrest,
the psychological issues include adjustment to any cerebral dys-
function from the arrest itself, the life style changes of the newly
imposed medical condition, the need for medication and the pres-
ence of the ICD itself and the possibility of receiving a shock. Many
children appear to be little affected and counselling is not required
in all patients.>'* Counselling should be offered at the time of the
arrest and remain available during follow up. When an ICD is used
for primary prophylaxis, the topic will usually have been discussed
on several occasions and the need for counselling is likely to be less
but should always be considered. Medicine non-compliance in ado-
lescents is also an area where counselling should be considered.
The occurrence of an electrical storm, however, is often followed
by extreme psychological stress and fear of further shocks and
counselling will usually be needed.

Implantation of an ICD in patients with the LQTS to enable
competitive sport may be requested by patients keen to continue
these activities. It remains a contentious issue with no guidelines
recommending this approach.'® Patients with ICDs, however,
are commonly allowed to partake in non-competitive, non-contact
sports.>'73"® The type of sport will depend on the underlying
cardiac status as well as the presence of the ICD. Not all ‘non-
contact’ sport is safe; however, golf carries a significant risk to dam-
aging the lead due to the bidirectional swinging motion, as well as
weight lifting.

Summary of implantable cardioverter defibrillators

in paediatrics and congenital heart disease

Implantable cardioverter defibrillators are of benefit to survivors of
cardiac arrest and can be recommended in the absence of a clearly
reversible cause.
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Implantable cardioverter defibrillator implantation is technically
more challenging, requiring use of both the transvenous and epi-
cardial route. Size of the patient, the underlying anatomy, venous
patency, and the experience in each unit will dictate the approach
in any individual patient. Hybrid implants and novel coil placement
also may be required.

Complications from ICD implantation are more frequent due to
the increased heart rates and activity of the population so that par-
ticular attention to programming and concomitant medication is
required as well as surveillance of the system.

Primary implantation indications from the adult population
cannot be directly extrapolated due to the heterogeneity of the
paediatric and CHD population but can influence the decision
when applied on an individual basis.

Entirely subcutaneous systems without the need for thoracot-
omy or transvenous access may lower the threshold for ICD im-
plantation in this population when the devices become small
enough. These devices may prove to be an opportunity for trials
that will influence clinical decision making regarding primary
implantation.

Cardiac resynchronization therapy

Over the last decade CRT has evolved to a powerful treatment
option of systolic heart failure associated with LV mechanical dys-
synchrony. According to studies in adult patients with idiopathic
and ischaemic cardiomyopathy CRT leads to restoration of LV
contraction efficiency, reverse structural and cellular remodelling,
functional improvement and decrease in heart failure-associated
morbidity and mortality.?'”~3?? Despite a much more heteroge-
neous structural and functional substrate, limited evidence has so
far shown similar effects of CRT in paediatric and CHD.%-3%

Available paediatric efficacy data

Efficacy of CRT may obviously vary with the underlying structural
and functional substrate like anatomy of the systemic ventricle (left,
right, or single), presence and degree of structural systemic AV
valve regurgitation, presence of primary myocardial disease, or
scaring and type of electrical conduction delay. Two multicentre
surveys®23324 325

have mapped response to CRT in a total of 272 paediatric and

and one larger retrospective single-centre study

CHD patients and the results are summarized as follows:

e Conventional single-site ventricular pacing was the most preva-
lent (63%) cause of systemic ventricular dyssynchrony.

e The majority of the patients reported (58%) were categorized
as New York Heart Association (NYHA) Class Il reflecting a
more liberal and pro-active approach to CRT as compared
with adult guidelines at the time of the recruitment period.

e An increase of the systemic ventricular ejection fraction by
6—14% has been reported after CRT.

e Presence of a systemic LV was an independent predictor of
better improvement of systolic ventricular function.***

e Best response to CRT with almost complete reverse remodel-
ling has been observed in patients with a systemic LV who were
upgraded to CRT from conventional RV pacing.**

e Cardiac resynchronization therapy was effective in combination

with other corrective or palliative cardiac surgery, in particular

when aimed at decrease in systemic AV valve function

regurgitation.324'327

e The proportion of CRT-D systems was low (18—25%).

o Almost 40% of the heart transplant candidates referred to CRT
could be de-listed suggesting that young patients awaiting heart
transplant should be specifically screened for the presence of
mechanical dyssynchrony as a potential substrate for improve-
ment by resynchronization.326

e The proportion of non-responders to CRT (14%) was lower
than in the prospective adult trials reflecting; however, rather
the retrospective nature of the paediatric studies and soft
response definition than higher efficacy.

e The presence of primary DCM and a high NYHA class seemed
to predict non-response to CRT3*

Indications for cardiac resynchronization therapy

in paediatric and congenital heart disease

Indications for CRT have so far not been specifically stated for the
paediatric and CHD patient group in the European or North
American heart failure and device therapy guidelines. Thus
current adult CRT indications for patients with idiopathic and is-
chaemic cardiomyopathy will be used and adapted for this
purpose. These state:*®’

Cardiac resynchronization therapy by biventricular pacemaker
(CRT-P) or biventricular pacemaker combined with an ICD
(CRT-D) is indicated for the following patients who remain symp-
tomatic in NYHA Classes IlI-IV despite optimal medical therapy,
with an LV ejection fraction <35%, LV dilatation, and a wide
QRS complex (>120 ms) with the following options:

e Implantation of a CRT-P device to reduce morbidity and mortal-
ity. Class I: level of evidence A.

e CRT-D is an acceptable option for patients who have expect-
ancy of survival with a good functional status for more than 1
year; Class I: level of evidence B.

e Primary implantation of a biventricular pacemaker or upgrade
of conventional pacemaker in heart failure patients with
concomitant indication for permanent pacing. Class lla: level
of evidence C.

e Implantation of a CRT-D system in heart failure patients with
primary preventive indication for an implantable cardioverter
defibrillator. Class I: level of evidence B.

e Implantation of a biventricular pacemaker in heart failure
patients with permanent AF and indication for AV junctional
ablation. Class lla: level of evidence C.

Recently, CRT preferentially by CRT-D has also been recom-
mended to reduce morbidity or to prevent disease progression
in patients with NYHA function Class Il, LVEF <35%, QRS
>150ms and sinus rhythm being on optimal medical therapy
(Class |, level of evidence A).*2'3?2328 These guidelines do not
completely match the current paediatric/CHD practice of CRT in-
dication. CRT-D systems within a primary preventive |CD indica-
tion have by far not been used as frequently as in the adult
population. Data from the paediatric transplant registry showed a
very low incidence of SCD in children awaiting heart transplant-
ation indirectly arguing against the automatic use of LV ejection
fraction <35% as a criterion for primary preventive ICD
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implantation in young patients with DCM.*?? Presence of mechan-
ical dyssynchrony is not required for CRT indication in adult idio-
pathic and ischaemic DCM population. The only prospective trial
available so far could not show sufficient reproducibility and pre-
dictive power of echocardiography to efficiently contribute to
CRT indication.*** However, in CHD patients with a diversity of
structural and functional CRT substrates (e.g. presence of systemic
RV, single ventricle, and RBBB) QRS duration may be an even
worse predictor of systemic ventricular dyssynchrony than in
patients with a structurally normal heart. Thus, individual evalu-
ation of mechanical dyssynchrony in context with other findings
may have value in this specific population.

The consensus statement panel suggests the following amend-
ments of the current adult CRT indication guidelines for patients
with paediatric and CHD:

e The need for primary preventive defibrillation capability of a
planned CRT device should be assessed individually and
should not be based just on the value of systemic ventricular
ejection fraction.

e The indication cut-off value of QRS duration may be adapted for
age using the 98th percentile of normal.

e Evaluation of mechanical dyssynchrony of the systemic ventricle
should be performed in patients with non-standard structural or
functional CRT substrate (systemic right or single ventricle,
RBBB, presence of conventional ventricular pacing from an atyp-
ical pacing site, and QRS duration <120 ms).

e Cardiac resynchronization therapy device implantation may be
considered within other planned cardiac surgery in the presence
of significant systemic ventricular dyssynchrony (e.g. surgery
aimed at relieve of structural systemic AV valve regurgitation)
even if the patient does not fulfil all indication criteria with
respect to the systemic ventricular function.***3%’

e Cardiac resynchronization therapy indication should be
considered carefully and individually in patients with specific
progressive forms of DCM (ventricular non-compaction, neuro-
muscular, and mitochonderial disease), where CRT effect has not
yet been clearly proven.

Pre- and post-procedural follow-up

Given the paucity of data on CRT effects in paediatric and CHD
and low number of patients treated at each institution, functional,
electrocardiographic as well as echocardiographic assessment
should be an integral part of the pre- and long-term post-
procedural work-up.

Functional assessment should include NYHA class grading or the
Ross Heart Failure Score in infants, evaluation of functional cap-
acity (6 min walking distance or spiroergometry, if applicable),
and biochemical congestive heart failure markers.

Analysis of the 12-lead ECG should focus on QRS complex dur-
ation as well as the type of electrical conduction delay with regard
to the morphology of systemic ventricle. Left bundle branch block
along with a systemic LV and RBBB along with systemic RV, re-
spectively, are indicative of a significant intra-ventricular conduc-
tion delay and potential mechanical dyssynchrony.

Although none of the echocardiographic indices has been shown
to have sufficient reproducibility and predictive power in terms of

CRT response in the multicentre PROSPECT trial,**° several
single-centre studies reported on the utility of septal to posterior
wall motion delay, tissue velocity imaging, speckle tracking, or 3D
techniques in the analysis of global and segmental LV dyssynchrony
and prediction of CRT efficacy.m*333 Despite the lack of data in
children and patients with CHD it is the perception of this panel
that besides the measurement of systemic ventricular size and
function the assessment of global cardiac timing and global and seg-
mental systemic ventricular dyssynchrony should be an integral
part of the pre-procedural evaluation and decision process. Seg-
mental systemic ventricular contraction occurring after the end
of ejection or even continuing through the beginning of systemic
ventricular filling is very often indicative of severe ventricular de-
synchronization. Evaluation of mechanical dyssynchrony should
be at least performed in patients with non-standard CRT sub-
strates (systemic right or single ventricle, RBBB, presence of con-
ventional ventricular pacing from an atypical pacing site, and QRS
complex <120 ms). The purpose of such assessment should be
identification of early and late contracting systemic ventricular seg-
ments and their geographic (spatial) clustering into larger wall
areas with early and late contraction as well as confirmation of
myocardial viability in terms of contraction potential. These are
the two major pre-requisites of CRT efficacy.334 Further, echocar-
diography may be used for post-procedural AV and VV delay op-
timization (see further). Evaluation of systemic ventricular size
and function should be repeated using the same measurement
method during regular device follow-up to assess long-term
reverse ventricular remodelling.

Technical implantation issues

In young patients CRT device implantation may be technically chal-
lenging because of inaccessibility of the systemic ventricular free
wall through a transvenous route due to either small vessel size
or abnormal cardiac anatomy. No data exist on the long-term be-
haviour of coronary sinus leads in growing or young individuals, on
the incidence of coronary sinus thrombosis and complications of
lead removal. As a consequence, 56—72% of patients reported in
the three larger paediatric and CHD CRT studies had either thora-
cotomy or mixed lead systems.*>*~32° Given the paucity of data, it
is the perception of this panel that coronary sinus leads should be
reserved for older children and adults with a normally sized cardiac
venous system, where complication rates should be acceptable and
comparable to those reported in the adults CRT series. The
remaining patients or individuals with inaccessible pacing sites
through the transvenous route should have a liberal access to a
thoracotomy implantation.

Cooperation between the implanting surgeon and the cardiolo-
gist during the procedure is desired to ensure the placement of the
systemic ventricular lead in the area of latest electrical and mech-
anical activation as mapped by pre-operative echocardiography and
peri-operative measurements of local activation times during the
baseline rhythm. The transvenous RV lead is usually placed in
the RV apex or septum. Optimal position of an epicardial lead
on the subpulmonary ventricle has not yet been specified. In par-
allel to the transvenous procedure, lead placement should be
attempted close to the interventricular septum. The subpulmonary
and the systemic ventricular leads should be spatially as well as
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electrically separated as much as possible across the systemic ven-
tricle. In patients with a single ventricle, importance has been
placed on obtaining maximal distance between the two leads and
aiming for the midventricular regions rather than the base.’*
Use of single-site resynchronization pacing has been anecdotically
reported in the paediatric literature.®*>23¢ Sufficient fusion
between the spontaneous (mostly septal) and paced (mostly free
wall) activation wave fronts is perceived to be the prerequisite
of success and may be achieved in patients with normal baseline
AV conduction times. Still, accurate adaptation of the AV interval
to changes in heart rate may pose a challenge. Thus, this technique
should be limited to patients with normal and relatively fix PR
intervals during rest and exercise.

Post-procedural optimization of the AV and VV intervals may be

performed using echocardiography®® or intrinsic device algo-

rithms®*® as described in adults. Simultaneous optimization of
both intervals by echocardiography is difficult given the number of
combinations and poor sensitivity for detection of minor changes
in systemic ventricular function or output. Generally, aiming
maximum systemic ventricular filling time and maximum +dP/dt
as estimated from systemic AV valve regurgitation (if present) may
be the simplest way to achieve this goal. In the paediatric and
CHD population as opposed to patients with ischaemic cardiomy-
opathy scars in the systemic ventricle are rare and trans-myocardial
conduction mostly homogenous limiting thus the need for non-
simultaneous biventricular stimulation and V-V delay optimization.

Conflict of interest: see appendix.
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