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Arrhythmias are responsible for significant morbidity and mortality in patients with 
complex congenital heart disease (CHD). Pharmacologic antiarrhythmic therapy often 
proves ineffective or intolerable due to adverse side effect profile in a patient group 
consigned to lifelong treatment. Interventional electrophysiology procedures have 
revolutionized arrhythmia management in the CHD population since the introduction 
of transcatheter ablation in the late 1980s. Tremendous advances in electroanatomic 
mapping and ablation technology have led to increased procedural success in 
conjunction with a dramatically reduced risk profile to overcome the challenges of 
patient size, abnormalities of the intrinsic conduction system, mapping of arrhythmia 
in complex congenital cardiac malformations and limited access to surgically isolated 
cardiac chambers. Future interventional electrophysiology innovations are geared to 
provide further reduction in radiation exposure for the CHD population.
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Congenital heart disease (CHD) affects 
approximately 1% of live births worldwide. 
Complex lesions include tetralogy of Fallot 
(TOF), transposition of the great arteries, 
congenitally corrected transposition of the 
great arteries, Ebstein’s anomaly and single 
ventricle defects such as hypoplastic left heart 
syndrome or tricuspid atresia. These com-
plex defects occur much less frequently than 
simple shunt or obstructive lesions although 
they are associated with significant morbidity 
and require lifelong specialist cardiac care [1]. 
Advances in cardiac imaging, transcatheter 
interventions and cardiac surgery in the past 
50 years have led to a dramatic increase in 
survival rates for those affected by complex 
CHD shifting the mortality burden from 
infancy to adulthood [2]. The incidence of 
arrhythmia in those with CHD is consider-
ably higher than that of the general popula-
tion, particularly in adults with CHD, and 
accounts for a significant proportion of the 
overall morbidity and mortality [3]. Even in 
simple, isolated congenital defects such as 
a moderate secundum atrial septal defect 

(ASD), there is significant risk of arrhythmia 
development by the third decade of life and 
the risk continues for many decades follow-
ing ASD repair [4]. It is difficult to estimate 
the exact prevalence of arrhythmias in the 
CHD population due to heterogeneity of 
the CHD subtypes, variability in reporting 
and inconsistent availability of specialized 
congenital follow-up care. Adults who have 
undergone TOF repair during childhood 
comprise a significant proportion of the com-
plex adult CHD population. Of these adults 
with repaired TOF, 43% had a sustained 
arrhythmia or had undergone arrhythmia 
intervention at a median age of 37 years [5]. 
Pharmacologic therapy has frequent side 
effects and limited efficacy in controlling 
arrhythmias associated with structural heart 
disease. Interventional procedures are there-
fore becoming standard, in some cases first 
line, therapy for potentially definitive man-
agement of rhythm disturbances. This article 
will review the burden of arrhythmias in 
complex CHD and techniques to overcome 
the challenges created by altered congenital 
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and post-surgical cardiac anatomy in the mapping and 
targeting of arrhythmogenic tissue in patients with 
CHD. Though they have had a remarkable positive 
impact on management of rhythm disturbances in the 
complex CHD population, this review will not cover 
implantable cardioverter defibrillators or pacemaker 
technologies.

Arrhythmias in complex CHD
Congenital anomalies of the conduction system
Multiple mechanisms contribute to the development 
of arrhythmias in CHD (Table 1). Abnormal cardiac 
embryology responsible for structural cardiac mal-
formations also alters development of the conduction 
system [6]. Nowhere is this more apparent than in het-
erotaxy syndrome where abnormalities of visceroatrial 
situs are associated with extremely complex cardiac 
defects. Isomerism of the right atrium may result in 
residual twin atrioventricular (AV) nodes whereas 
isomerism of the left atrium may result in hypopla-
sia or absence of the AV node [7]. Residual twin AV 
nodes may be the substrate for development of com-
plex AV nodal reentry tachycardia or an AV recipro-
cating tachycardia between the two nodes, or some-
times both mechanisms. Ablation of one of the AV 
nodes may be necessary to treat medically refractory 
supraventricular arrhythmia in this instance [8,9]. It is 
critical for the congenital electrophysiologist to define 
the functionality of the dominant AV node to ensure 
sufficient conduction following ablation. Abnormal 
ventricular looping seen in L-transposition of the great 
arteries may also result in congenital or postnatal AV 
block, accessory AV node tissue and abnormal course 
of the bundle branches [10]. The location of the AV 
node and bundle of His are determined by the position 
of the right and left ventricles and associated AV ring. 
In L-transposition of the great arteries, the AV node 
is anteriorly displaced and the bundle of His passes 
anteriorly to the ventricular septal defect [11]. In con-
trast, the AV node in tricuspid atresia is located in the 
inferior right atrium and the AV conduction system 
courses inferiorly and posteriorly to the ventricular 
septal defect. Electrophysiology studies in patients 
with Ebstein’s malformation also require careful delin-
eation of the AV groove to identify the AV node and 
bundle of His since the anatomical positions, altered 
by inferior displacement of the tricuspid valve and 
atrialization of the right ventricle, are often difficult 
to define. In addition Ebstein’s malformation with 
Wolff–Parkinson–White syndrome is frequently asso-
ciated with multiple accessory pathways that may have 
antegrade, retrograde or bidirectional conduction [12]. 
These are often challenging for catheter ablation 
therapy due to the anatomic distortion of the tricus-

pid annulus and the variability of accessory pathway 
anatomy and physiology.

Physiologic & post-surgical consequences 
of CHD
The effects of chronic pressure and volume loads either 
from congenital anomalies or secondary to post-surgi-
cal anatomy creates physiologic changes in myocardial 
architecture which, combined with the anatomic scars 
and functional barriers, increase the risk of arrhyth-
mia development. For example, adults with TOF likely 
underwent surgical repair in the era of transannular 
patch repair of the right ventricular outflow tract thus 
creating free pulmonary regurgitation, chronic right 
ventricular volume overload, progressive dilation and 
dysfunction and ultimately potentially fatal ventricu-
lar arrhythmias [3]. Localized myocardial ischemia 
secondary to coronary anomalies or fibrosis at surgi-
cal scar sites also contribute to the combined increased 
risk of rhythm disturbances, particularly ventricular 
arrhythmias, in those with CHD. Surgical repair of 
CHD risks damage to the intrinsic components of the 
conduction system increasing susceptibility to atrial 
and/or ventricular arrhythmias. All of these mecha-
nisms contribute to the risk of ventricular tachyar-
rhythmias in TOF. The sinoatrial node and associated 
arterial supply is particularly vulnerable to damage 
or obliteration in congenital heart surgeries involv-
ing the superior vena cava/right atrial junction, such 
as the modified bidirectional Glenn surgery for single 
ventricle palliation or repair of anomalous pulmonary 
venous drainage to the superior vena cava which both 
involves division of the cavoatrial junction. Suture 
lines, for example, from a Mustard or Senning type 
atrial baffle for D-transposition of the great arteries, 
also disrupt the conduction system. Even cannulation 
for cardiac bypass can impair sinus node function.

Clinical impact of arrhythmias associated 
with CHD
Paroxysmal supraventricular tachycardia (SVT) is the 
most commonly seen arrhythmia in the pediatric pop-
ulation with structurally normal hearts. SVT is also 
relatively common in the CHD population but may 
be less well tolerated than in those with structurally 
normal hearts, resulting in syncope or hemodynamic 
instability. Patients with CHD are also more likely to 
develop a wide variety of arrhythmia type much ear-
lier than the more typical age range of presentation, 
such as atrial fibrillation in patients with premature 
atrial dilation secondary to post-surgical anatomy and 
physiology. Most CHD patients have multifactorial 
etiology of their rhythm disturbances and can develop 
different arrhythmia types during their lifetime. A 
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Transcatheter therapies for arrhythmias in patients with complex congenital heart disease    Review

patient with hypoplastic left heart syndrome may 
develop an automatic tachycardia such as ectopic atrial 
tachycardia in the neonatal period, junctional ectopic 
tachycardia in the postoperative setting, sinus node 
dysfunction in the teenage years and late onset of reen-
trant atrial tachycardia such as intra-atrial reentrant 
tachycardia from atrial dilation or ventricular arrhyth-
mias in adulthood. The burden of arrhythmia in those 
with CHD is associated with debilitating symptoms, 
greatly increases the risk of sudden death and is esti-
mated to account for approximately 20% of the total 
mortality in patients with complex congenital cardiac 
lesions [3]. Effective therapeutic options for arrhyth-
mia management are therefore essential to improving 
the quality of life and long-term survival of patients 
with CHD.

Indications for arrhythmia ablation
The indications for catheter ablation of arrhythmias 
in the CHD population are similar to the non-CHD 
population including significant symptoms, syncope 
or hemodynamic instability particularly when there 
has been failure or intolerance of medical therapy. 
Antiarrhythmic medications, such as beta blockers, 
are frequently contra-indicated in the complex CHD 
population due to their negative inotropic effects, par-
ticularly in the post cardiac surgery setting. All anti-
arrhythmic medications can have pro-arrhythmic side 
effects, particularly in patients with ischemic heart 
conditions, myocardial scars and/or diminished ven-
tricular function – a combination that may be seen in 
repaired CHD. These medications are often poorly 
tolerated in teenage patients in whom the challenges 
of compliance are heightened. We have had multiple 
patients re-present with recurrence of life-threatening 
arrhythmias secondary to medication noncompliance 
in adolescence. Previously, the consensus recommen-
dations were to try medications as first-line and often 
second- and third-line approach despite poor efficacy 
of chronic antiarrhythmic pharmacologic therapy prior 
to interventional procedures. As success rates and risk 
reduction have improved with advances in technology, 
the threshold to perform an ablation has become lower. 
The risk-to-benefit equation of ablation versus medical 
therapy is carefully weighed in the pediatric and CHD 
populations, and has resulted in arrhythmia ablation 
becoming an accepted first-line therapy in many cir-
cumstances such as IART following Fontan pallia-
tion in adults without significant comorbidities [13–16]. 
Arrhythmia ablation should also be considered in pre-
operative planning prior to cardiac surgery to reduce 
postoperative risk and to perform the procedure prior 
to surgical isolation of cardiac chambers or anatomic 
locations.Ty
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Challenges of intervention in the complex 
CHD population
Prediction of arrhythmia substrate location 
in CHD
The aforementioned intrinsic variants in the anatomy 
of the conduction system in complex CHD are associ-
ated with abnormalities in baseline electrocardiogram 
findings. These pose additional challenges in deci-
phering the location of suspected accessory pathways 
and arrhythmia substrates. The CHD population are 
known to have a high rate of both true pre-excitation 
(due to accessory pathways) and pseudo-pre-excitation 
(the appearance of a delta wave on electrocardiogram 
that may be secondary to abnormal cardiac structure 
without an accessory pathway) [17]. Different algo-
rithms are often required to predict the location of 
arrhythmia circuits and accessory pathways in those 
with complex CHD anatomy, compared with their 
utility in ‘standard’ adults with structurally normal 
hearts [18]. Great strides in 3D mapping system devel-
opment (as illustrated in Figure 1) and advanced cath-
eter technologies over the last few years have been par-
ticularly useful for the complex CHD and post-cardiac 
surgery population in whom the location of arrhyth-
mia substrate and its proximity to important structures 
differs from those with structurally normal hearts. The 
risk of disruption of normal conduction can be miti-
gated by knowledge of the intrinsic anatomy and delin-
eation of the arrhythmia substrate in relation to the 
bundle of His and AV node.

Intra-atrial reentrant tachycardia (IART) encom-
passes the atrial macroreentrant circuits frequently 
seen in the adult CHD population. IART is a stereo-
typical arrhythmia mechanism that includes classic 
cavotricuspid isthmus related atrial flutter and atypi-
cal circuits associated with post-surgical scar tissue and 
islands of heterogeneous conduction properties [19]. 
Patients who have undergone Mustard or Senning 
type atrial switch procedures for d-transposition of the 
great arteries, Fontan procedure (Figure 2) for single 
ventricle palliation or repair of TOF are most at risk 
of IART development secondary to progressive atrial 
dilation and wall thickening. The IART circuit may 
loop around in the atria secondary to scar tissue requir-
ing multiple ablation points to create an ablation line 
that interrupts the circuit to successfully terminate the 
reentrant arrhythmia [20]. In a single center study of 
95 patients with IART and TOF or similar anatomic 
diagnoses such as double outlet right ventricle, IART 
circuits had critical areas for ablation at the cavotri-
cuspid isthmus in 53%, the lateral right atrial wall in 
32%, the remainder of the right atrium in 12% and 
the left atrium in 3% [21]. Accessibility to the tricus-
pid isthmus location should be considered prior to the 

electro physiology procedure in order to plan transbaf-
fle puncture if necessary for patients who have under-
gone Mustard, Senning or Fontan procedures [20]. A 
similar strategy of mapping scar tissue is employed in 
the ventricle to determine ventricular tachycardia foci 
and appropriate ablation sites for example in patients 
who have undergone transannular patch repair of 
TOF [22]. When clinical ventricular arrhythmias can-
not be reproduced during electrophysiology studies, 
substrate mapping allows for planning anatomic tar-
gets for ablation in CHD patients. Understanding of 
both the congenital anatomy and the surgical proce-
dures is vital to safely and effectively performing sub-
strate-based catheter ablation, while avoiding injury to 
normal conduction tissue.

Access to chambers for mapping & ablation of 
arrhythmia
Congenital cardiac and post-surgical anatomy poses 
challenges in accessing cardiac chambers to map and 
ablate arrhythmia substrates. In those with structur-
ally normal hearts, the technique of transseptal punc-
ture with a Brockenbrough needle to access the left 
atrium and pulmonary veins from the systemic venous 
approach transseptal has been augmented by improve-
ments in image guidance. The option of radiofrequency 
perforation has been reported to be successful in cases 
when traditional needle puncture has failed [23]. These 
techniques are also useful in the complex CHD pop-
ulation although the procedure remains immensely 
more challenging due to abnormal deviation of the 
atrial septum and post-surgical atrial anatomy. While 
transesophageal, transthoracic or intracardiac echocar-
diography may provide adequate guidance for trans-
septal perforation in the complex CHD population, 
additional imaging may assist in safer transseptal pas-
sage. The risk profile and length of the procedure may 
be ameliorated by cardiac anatomy image fusion from 
echocardiography, MRI, CT or fluoroscopy with the 
3D electroanatomic mapping system [24].

Challenges remain in accessing cardiac chambers 
for patients who have undergone Fontan palliation, a 
group who are at particularly high risk of developing 
refractory atrial tachycardias. The Fontan procedure 
is usually preceded by a Hemi-Fontan or bidirec-
tional Glenn surgery performed in the first year of life, 
involving anastomosis of the superior cava directly to 
the pulmonary arteries and oversewing of the pulmo-
nary valve. Completion of the Fontan procedure, usu-
ally by 2–3 years of life, involves baffling of the inferior 
vena cava to the pulmonary arteries thus creating a cir-
cuit of passive systemic venous blood flow directly to 
lungs (Figure 2). If a Fontan fenestration has been cre-
ated between the baffle and atrial chambers at the time 
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of surgery and is still patent, or if there is a baffle leak, 
mapping and ablation catheters can be advanced from 
the systemic veins through the fenestration or baffle 
leak to the atria. However, in many cases a fenestra-
tion has not been created, has closed spontaneously or 
interventionally by device closure prior to the onset of 
arrhythmias. In this instance it is often necessary to 
access the left heart, most commonly by performing a 
transbaffle puncture with a standard Brockenbrough 
needle or a radiofrequency-powered transseptal needle 
to gain access to cardiac chambers under echocardio-
graphic and fluoroscopic guidance [25]. Angiographic 
roadmaps, fluoroscopic and echocardiographic guid-
ance are routinely employed to achieve successful 
transbaffle perforation and can be further improved 
with CT- or MRI-fluoroscopy image fusion. Diffi-
culty in accessing chambers is most evident in patients 
who have undergone extracardiac Fontan procedures 
for surgical palliation of single ventricle type CHD. 
Although some extracardiac Fontan baffles are sutured 
to the atrial wall, there may be a substantial gap 
between the baffle and atrial wall that is not amenable 
to transvenous recanalization. Techniques described to 
overcome this problem include transthoracic percuta-
neous access to the pulmonary venous atrium under 
fluoroscopic guidance [26]. Challenges in accessing car-
diac chambers for arrhythmia mapping and ablation 
are not limited to patients who have undergone a Fon-
tan procedure although the single ventricle population 
are the most likely to require additional pre-ablation 
procedure planning. Alternative access from the inter-
nal jugular vein may be required in patients with het-
erotaxy associated interrupted inferior vena cava [27]. 
If these patients have also undergone a bidirectional 
Glenn, with superior vena cava anastomosed directly to 
the pulmonary arteries and oversewing of the pulmo-
nary valve, transhepatic access may be necessary [28]. 
As mentioned above, careful consideration should be 
given to the potential benefit of preoperative electro-
physiology studies and arrhythmia ablation prior to 
cardiac surgery involving isolation of chambers.

Limitations of size in the pediatric CHD 
population
Rhythm disturbances associated with complex con-
genital cardiac anomalies can occur at any age from the 
fetus to the elderly. A select few fetal cardiac interven-
tions for structural heart disease are currently available 
while management of fetal arrhythmias is mainly lim-
ited to pharmacologic therapy (either delivered mater-
nally or transplacentally) for fetal atrial tachyarrhyth-
mias. Following birth, patient size is the main limiting 
factor in the risk benefit ratio of transcatheter arrhyth-
mia ablation versus pharmacologic therapy. Risks asso-

ciated with ablation procedures are heightened in small 
patients secondary to vascular access issues, the number 
of catheters placed, the proximity of structures such as 
the coronary arteries and the intrinsic conduction sys-
tem to arrhythmia substrate ablation sites. Adequate 
scar must be created to terminate arrhythmia whilst 
avoiding damage to surrounding structures. This is 
further complicated by the increased capacity for cell 
division of the neonatal myocardium compared with 
adult myocardium, as evidenced by animal studies, 
that results in increasing size and significance of scar 
tissue as the infant grows [29,30]. As expected, the risks 
of arrhythmia ablation procedures including complete 
AV block, hemopericardium, femoral artery, femo-
ral vein or iliac venous occlusion are increased in the 
pediatric population secondary to patient size. Kan-
toch et al. reported a 10% major complication rate in 
children less than 2 years of age versus a 0.7% compli-
cation rate in children over 2 years of age [31]. The age 
and weight at which ablation procedures are attempted 
has decreased steadily over the last few years although 
3D mapping is limited to a catheter size of at least 7-Fr 
diameter. At present ablation procedures are consid-
ered reasonable and relatively low risk, if performed in 
centers with experience, for patients aged 3 years and 
weight of 15 kg [30,32–35]. There have also been multiple 
case reports of successful arrhythmia ablation in small 
infants often with arrhythmias that have been refrac-
tory to pharmacologic therapy [36–39] including use of 
3D mapping (Figure 1).

Electroanatomic mapping & image 
integration
3D mapping systems
Standard electrophysiology studies are performed 
using pacing protocols to elicit arrhythmias. Changes 
in surface and intracardiac electrograms are analyzed 
to locate arrhythmia substrate tissue. 3D mapping 
systems have revolutionized electrophysiology stud-
ies reducing procedure time and drastically reducing 
fluoroscopy time by providing integration of non-
fluoroscopic anatomic and catheter position images 
with electroanatomic data [40–42]. Anatomic shells 
of each cardiac chamber of interest are created and 
electrical activation patterns are then superimposed 
on these shells to create a 3D electroanatomic map 
(Figures 2B & 1C). For patients with complex CHD, the 
3D map may delineate abnormal congenital or post-
surgical anatomy thereby increasing likelihood of the 
procedural success and reducing the risk of complica-
tions [43]. Multiple 3D mapping systems are currently 
available and used with success in the complex CHD 
population including CARTO®, (Biosense Webster, 
Diamond Bar, CA, USA) which uses a sensor in the tip 
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Figure 1. Successful radiofrequency ablation of recurrent ectopic atrial tachycardia, refractory to pharmacologic 
therapy, in a 15-month old, 6 kg, child status post-complete atrioventricular canal and mitral valve repair 
(for parts [A & B], see above; for parts [C & D], see facing page). (A) Baseline 15-lead electrocardiogram with 
atrial and ventricular rate of 200 beats per minute, ectopic atrial tachycardia with left axis deviation and right 
bundle branch block. The electrophysiology study and ablation procedure was performed with a 7-Fr 4-mm 
tipped EZ steer NAV D-F mapping and ablation catheter (Biosense Webster Inc, Diamond Bar, CA, USA) and a 
5-Fr esophageal bipolar pacing and recording catheter (Cardio Command, Inc, Tampa, FL, USA). (B) Surface and 
intracardiac electrograms with the premature atrial contraction (PAC) highlighted by the arrow. There is early 
activation on the ablation catheter relative to the PAC onset. (C) Electroanatomic propagation map of premature 
atrial contractions in the right lateral view with successful ectopic atrial tachycardia radiofrequency ablation 
performed in the posterior high right atrium at the azygous vein orifice. (Red dots: radiofrequency ablation 
sites; gray dots: sites of no electrical signal in the systemic veins). Total fluoroscopy time was 3 min and area dose 
product was 48.7 uGym2. (D) Postablation procedure 15-lead electrocardiogram with atrial and ventricular rate of 
96 beats per minute, normal sinus rhythm, left axis deviation and right bundle branch block. 
IVC: Inferior vena cava; RA: Right atrium; SVC: Superior vena cava; TV: Tricuspid valve.
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of the catheter to identify the catheter location in rela-
tion to a magnetic field created by three coils in a loca-
tor pad beneath the patient, NavX (St Jude Medical, 
St Paul, MN, USA) which uses impedance to deter-
mine the catheter position and electrical signals during 
mapping or ablation and EnSite (St Jude Medical, St 
Paul, MN, USA) which is a noncontact mapping sys-
tem consisting of a 64-electrode mesh balloon using 
blood pool electrical signals to map the cardiac cham-
ber endocardium. Propagation maps of conduction in 
baseline rhythm and after induction of arrhythmia are 
created based upon the timing of electrical signals. 

Isthmuses of slow conduction related to ischemia are 
identified and tissue with low voltage or no electrical 
activity can be incorporated in the map as scar tissue 
or surgical patch. This method is highly effective for 
identification of potential ablation sites in those with 
complex CHD.

Currently, several centers, including our own, are 
performing zero fluoroscopy electrophysiology studies 
and ablation procedures even in the complex pediatric 
CHD population. Our personal experience is that at 
least half of our ablation procedures are done with zero 
to less than 5 min of low-dose fluoroscopy. The result-
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Figure 2. Cardiac catheterization and electrophysiology study in an 18-year-old male patient with recurrent intra-
atrial reentry tachycardia status post a nonfenestrated lateral tunnel Fontan for single ventricle palliation of 
tricuspid atresia. (A) Lateral tunnel Fontan baffle angiogram outlined in light green in the straight AP projection 
(*: transbaffle puncture site). (B) CARTO® electroanatomic map in sinus rhythm of the lateral tunnel Fontan baffle 
and the atria (outlined in white) in the AP projection. To facilitate electrophysiology study and mapping of the 
atria a transbaffle puncture was performed with an 8-Fr Mullins sheath under fluoroscopic and echocardiographic 
guidance. Nonsustained IART was induced during the case although terminated prior to completion of mapping. 
Scar substrate mapping revealed a large scar in the lateral tunnel portion of the right atrium and a radiofrequency 
ablation line of block from the scar in the anterior–superior to the IVC was performed (*: transbaffle puncture 
site; red dots: radiofrequency ablation points; yellow dots: His markers). The patient had no further IART at last 
follow-up. 
IVC: Inferior vena cava; LPA: Left pulmonary artery; RPA: Right pulmonary artery; SVC: Superior vena cava.
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ing radical reduction in radiation exposure is of par-
ticular importance in the CHD population. Cardiac 
ionizing procedures have been shown to be associated 
with chromosomal damage in children with CHD [44]. 
Those with complex CHD are likely to require mul-
tiple diagnostic and interventional procedures in their 
lifetime resulting in significant levels of cumulative 
radiation exposure and an associated estimated median 
lifetime attributable risk of cancer of approximately 
1.6% [45].

Image fusion
One of the major limitations to procedural success and 
reaching zero fluoroscopy in the complex CHD popu-
lation is the difficulty in accessing and mapping abnor-
mal cardiac anatomy and surgically isolated cardiac 
chambers. Image fusion technology may overcome or 
at least reduce these limitations in many cases. Adult 
patients with complex CHD have poor transthoracic 
echocardiographic windows particularly for evaluation 
of anterior structures such as the right ventricle. These 
patients therefore routinely undergo a cardiac MRI 

prior to interventional procedures to assess anatomy, 
scar tissue and ventricular function. Integration of 
magnetic resonance images with the 3D mapping sys-
tem such as the Cartomerge system (Biosense Webster, 
Diamond Bar, CA, USA), as shown in Figure 3, is rela-
tively straightforward and can vastly improve operator 
understanding of the patient’s anatomy, electroana-
tomic map and catheter position. Data regarding effi-
cacy of Cartomerge compared with conventional 3D 
mapping technology alone is limited although a reduc-
tion in radiation exposure is apparent even in adults 
with structurally normal hearts [46]. Image fusion of 
the 3D electroanatomic map can also be performed 
with intracardiac ultrasound such as the CartoSound 
system (Biosense Webster, Diamond Bar, CA, USA), 
and less favorably with radiation exposure associated 
modalities including CT or fluoroscopy if necessary.

Advances in catheter & ablation technology
Remote magnetic navigation
Remote controlled magnetic navigation technology 
such as Niobe II (Stereotaxis Inc, MO, USA), in con-
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Figure 3. Image fusion of pre-procedure MRI and CARTO® with Cartomerge map of the right atrium in a 
26-y ear-old female patient with atrial tachycardia and history of d-transposition of the great arteries status post-
atrial switch with Senning baffle in infancy. The cardiac chambers are labelled by color (light blue: right atrium; 
orange: left atrium and pulmonary veins; purple: morphologic right ventricle; yellow: ascending aorta; red: head 
and neck vessels; dark blue: morphologic left ventricle; green: main and branch pulmonary arteries) and images 
are overlayed with variable transparency on the CARTO® map to guide mapping and ablation of arrhythmia 
substrates. (A) AP projection with full MRI overlay, (B) AP projection with increased transparency of the MRI 
overlay and (C) PA projection with increased transparency of the MRI overlay. 
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junction with a 3D electroanatomic mapping system 
has theoretical benefits of improved safety from less 
traumatic catheter design and improved catheter sta-
bility in addition to the possibility of improved opera-
tor experience by allowing a single operator to perform 
procedures remotely at multiple sites [47]. This technol-
ogy has been shown to be safe and feasible in children 
and those with CHD resulting in significantly lower 
radiation exposure than conventional techniques in 
some reports although procedural success and compli-
cations rates are similar to procedures performed by 
an in person experienced operator [47–49]. The expense 
of remote magnetic navigation system installation 
has thus far limited the number of centers where the 
technology is available and therefore overall experi-
ence, particularly in the complex CHD population, is 
limited.

Specialized catheters & sheaths
In addition to the modifications resulting in 
decreased size of mapping, recording and ablation 
catheters and the increase in number electrodes per 
catheter thus creating multipurpose catheters there 
have also been tremendous advances in the maneu-
verability of electrophysiology procedure-specific 
tools. Deflectable and steerable catheters and sheaths, 
initially designed for pulmonary vein interventions in 
adults with structurally normal hearts, have proved 
to be useful in the complex CHD population allow-

ing access to abnormally positioned cardiac chambers 
and stable catheter position for ablation in otherwise 
hard to reach areas.

Radiofrequency ablation
Radiofrequency ablation was introduced as an alter-
native to the DC catheter ablation technique in the 
late 1980s with a profoundly improved safety profile. 
Radiofrequency current results in heating of myocar-
dial tissue to greater than 50°C to create an ablation 
lesion. Overheating to temperatures greater than 90°C 
is associated with coagulum formation at the ablation 
catheter tip resulting in increased electrical impedance, 
decreased current delivery to the tissue, boiling of the 
tissues and potential development of a steam pop [50]. 
Ablation lesion size can be somewhat controlled by 
setting the radiofrequency power output to achieve 
a preset temperature, maintaining stable catheter tip 
position against the desired tissue and monitoring 
temperature, impedance and intracardiac electrogram 
effect during lesion creation. Cool-tip radiofrequency 
ablation catheters allow lesion creation using higher 
radiofrequency power while avoiding high tempera-
tures at the catheter-tissue interface thus decreasing 
the risk of coagulum formation, tissue boiling and 
associated complications. They have also been shown 
to have increased efficacy compared with conventional 
radiofrequency catheters [51–53]. Various methods of 
tip-cooling are possible including irrigated catheters 
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that provide a continuous stream of cold liquid around 
the catheter tip and closed-loop cooled tip technologies 
keep the tip from developing char formation. Cool-tip 
catheters are particularly useful in patients who have 
undergone Fontan palliation surgery resulting in thick 
atrial walls secondary to elevated intra-atrial pres-
sure where deep and extensive ablation lesions may be 
required for successful arrhythmia management [43]. In 
addition, passive flow in the Fontan circulation limits 
ambient cooling which can be compensated for with 
cool-tip catheters. Cool-tip catheters are also used to 
create deep ablation lesions for management of ventric-
ular tachycardia in patients with significant ventricular 
hypertrophy associated with CHD such as TOF [51,54]. 
Irrigated tip catheters with contact force measurement 
provide feedback regarding tip to tissue contact with 
improved ablation outcomes in adults with atrial fibril-
lation and may provide similar increased efficacy in the 
CHD population [55,56].

Cryoablation
Cryoablation was introduced in the early 2000s with 
many subsequent reports of successful applications in 
the pediatric and CHD populations [38]. While data on 
cryoablation efficacy are limited in the pediatric and 
CHD population, the technique is frequently employed 
for ablation of accessory pathways and arrhythmia sub-
strates located in close proximity to the AV node to sig-
nificantly reduce the risk of heart block. Lesions are cre-
ated by freezing tissue with the liquid nitrogen cooled 
catheter tip. In comparison to radiofrequency ablation, 
cryoablation has multiple benefits that are particularly 
important in the pediatric and CHD populations [57]. 
Most importantly, cryoablation allows for reversible 
cryomapping at a tip temperature of -25°C to -40°C 
prior to permanent lesion creation with catheter tip 
temperature of less than -65°C. In addition the cath-
eter tip becomes adhered to the tissue during freezing 
thus creating a stable tip-tissue position, there is lower 
risk of damage to surrounding structures and lower risk 
of intracardiac thrombus. Unfortunately, in compari-
son to radiofrequency ablation, cryoablation appears to 
result in a higher rate of arrhythmia recurrence [58].

Outcomes
Compared to those with structurally normal hearts 
arrhythmia ablation in the CHD population is asso-
ciated with longer procedure duration, lower acute 
procedural success rates and higher rate of arrhythmia 
recurrence [12–14,16,59]. Despite these less than perfect 
outcomes, transcatheter therapies for arrhythmia in 
the CHD population have made a tremendous posi-
tive impact of in terms of improvements in quality of 
life [60,61]. For some patients even a few arrhythmia 

free years following an ablation procedure is a relative 
success if the negative side effects of pharmacologic 
therapy have been avoided. In addition, the overall rate 
of complications, approximately 0.5–2% rate of serious 
adverse outcomes, is acceptably low despite the afore-
mentioned procedural challenges in the complex CHD 
population [16,42,62–63].

Arrhythmia ablation acute procedural success rates 
in the CHD population are dependent on the type of 
arrhythmia. A single center retrospective review of 83 
patients with CHD undergoing transcatheter ablation 
of AV reciprocating tachycardia found an acute success 
rate of 80% per procedure with 23% of patients under-
going more than one ablation procedure and a compli-
cation rate of 5.5% including one death [59]. Patients 
with Ebstein’s anomaly had similar acute procedural 
success rates but were more likely to have arrhythmia 
recurrence compared with patients with other types of 
CHD which is in keeping with the expected high rate 
of multiple accessory pathways in this population. A 
small study of patients with single ventricle physiol-
ogy found acute arrhythmia ablation success rates of 
73% for intra-atrial tachycardia, 75% for atrial flut-
ter and 100% for focal atrial tachycardia [16]. In adults 
with CHD the rate of successful ablation of intra-atrial 
tachycardia has been shown to be lower and the rate 
of recurrence higher, greater than 40%, in those who 
have undergone complex atrial surgery [64].

While new arrhythmia substrate formation second-
ary to abnormal congenital or post-surgical cardiac 
anatomy may account for some of the arrhythmia 
recurrence burden, ineffective ablation in the first 
instance is likely to account for a significant propor-
tion of recurrences. Thick atrial walls that develop 
following Fontan palliation secondary to elevated 
intra-atrial pressure may in part be responsible for 
high recurrence rates in some cases. Without tissue 
visualization during ablation procedures, relatively 
standard power and temperature thresholds are used 
to control lesion size perhaps underestimating the 
true depth and extent required to successfully termi-
nate arrhythmia in this patient group. Current clini-
cal practice for transcatheter ablation of arrhythmias 
relies on a combination of fluoroscopy, three dimen-
sional mapping systems, intracardiac electrograms 
and thermal changes to determine the cardiac anat-
omy, identify the area of interest, guide and assess cre-
ation of a successful ablation lesion. An incomplete 
ablation lesion with gaps that prevent complete ter-
mination of arrhythmia can contribute to the failure 
of success and risk of recurrence [65]. More accurate 
objective assessment including visualization of the 
ablation lesion, particularly one that can be obtained 
and interpreted as part of the ablation procedure, 
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is likely to be integral to increasing the success rate 
of ablation procedures especially in patients with 
complex CHD.

Conclusion
Interventional electrophysiology procedures have a 
high procedural success rate, low complication rate 
and provide dramatic improvements in quality of life 
with avoidance of chronic antiarrhythmic pharmaco-
logic therapy in the complex CHD population. While 
complex CHD poses technical challenges such as isola-
tion of cardiac chambers, the tremendous advances in 
techniques and technology seen over the past 30 years 
have enabled application of transcatheter therapies 
for patients with every type of congenital defect and 
multiple arrhythmia substrates for patients of any age 
with complex CHD. Further innovations in mapping, 
image integration, ablation catheters and zero fluoros-
copy techniques are on track to provide further benefits 
to the complex CHD population in the coming years.

Future perspective
Development of technology for limiting or eliminat-
ing radiation exposure during invasive electrophysiol-

ogy procedures is an absolute priority. In the current 
era, many procedures can be performed with zero 
fluoroscopy and there is a general consensus regarding 
the need to move away from radiation emitting imag-
ing such as fluoroscopy and computed tomography 
to reduce cumulative for the complex CHD popula-
tion in addition to radiation exposure reduction for 
the electrophysiology operators. Increased utilization 
of image fusion technology and integration of non-
fluoroscopic imaging with the electroanatomic map 
is likely to further reduce the need for fluoroscopy 
in complex transcatheter ablation procedures. Trans-
septal and transbaffle perforation remain challenging 
without fluoroscopic guidance particularly in the com-
plex CHD population and electrophysiologists must 
become proficient in use of intracardiac or transesoph-
ageal echocardiography and image fusion with the 3D 
electroanatomic map to guide such procedures.

There is limited data on interventional electrophysi-
ology outcomes in very young patients and in the com-
plex CHD population. Prospective registries captur-
ing date from multiple sites are required to adequately 
incorporate enough cases and the full spectrum of 
arrhythmias and CHD. Data from such registries 

Executive summary

Arrhythmias in complex CHD
•	 There is an increased burden of arrhythmias in the congenital heart disease (CHD) population secondary to 

congenital anomalies of the conduction system, physiologic and post-surgical consequences of CHD.
•	 Arrhythmias in complex CHD are associated with significant morbidity and mortality.
Indications for arrhythmia ablation
•	 Significant symptoms, syncope or hemodynamic instability particularly when there has been failure or 

intolerance of medical therapy.
•	 Ablation procedures are considered reasonable and relatively low risk, if performed in centers with 

experience, for patients aged 3–5 years and weight of 15–20 kg.
•	 Ablation procedures can be successfully performed in small infants with modified techniques if the arrhythmia 

is refractory to pharmacologic therapy.
Challenges of electrophysiology interventions in the CHD population
•	 Limitations of patient size can be overcome with single catheter mapping and ablation techniques.
•	 Access to cardiac chambers isolated by abnormal congenital anatomy or post cardiac surgery can be safely 

achieved with transseptal or transbaffle puncture guided by multimodality imaging techniques.
Electroanatomic mapping
•	 Advances in 3D electroanatomic mapping have been particularly beneficial for the complex CHD population.
•	 Image fusion of 3D electroanatomic map with echo, MRI and/or fluoroscopic images reduces procedure time 

and radiation exposure.
•	 Zero fluoroscopy procedures are possible even in patients with complex CHD.
Ablation technologies
•	 Cool-tip catheters allow for deeper radiofrequency ablation lesion creation that may be necessary for thick 

atrial walls in patients who have undergone a Mustard, Senning or Fontan procedure or in a hypertrophied 
ventricle.

•	 Cryoablation is useful to reduce the risk of AV block when the anticipated ablation site is in close proximity to 
the intrinsic conduction system.

Future perspective
•	 Further advances in interventional electrophysiology must continue to reduce and if possible exclude 

fluoroscopy for the complex CHD population with cumulative lifetime radiation exposure risks.
•	 MRI-guided ablation is on the horizon with exciting potential benefits for the complex CHD population.
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could be compiled to provide more accurate estima-
tion tools for accessory pathway, arrhythmogenic foci 
and reentrant circuit locations from noninvasive assess-
ment thus improving the likelihood of invasive proce-
dural success with further reduction in complication 
rates [63].

With further developments of specialized mapping 
and ablation catheters it will hopefully soon be possible 
to perform complex electrophysiology procedures on 
even the smallest infants with integration of 3D map-
ping data from catheters that are ideally less than 7-Fr 
diameter. Improvements in ablation catheter energy 
delivery are also anticipated. In the complex CHD 
population an energy type and associated delivery sys-
tem that results in creation of precisely controlled abla-
tion lesions with low risk of damage to the intrinsic AV 
node, His bundle conduction system and surrounding 
structures.

Acute procedural success and prevention of long 
term arrhythmia recurrence are likely to be improved 
if direct visualization of lesion creation becomes pos-
sible rather than the current standard methods that 
rely on indirect measures of lesion creation such as 3D 
mapping systems, temperature, catheter impedance 
and changes in intracardiac electrogram pattern. MRI 
guided arrhythmia ablation combines avoidance of 
radiation exposure with excellent delineation of cardiac 

anatomy and potential for direct assessment of abla-
tion lesion creation in real time. It may be possible to 
accurately assess whether lines of ablation are complete 
allowing for ablation of gaps during the procedure [66]. 
Imaging, catheter, sheath and monitoring technologies 
to achieve this goal are currently under development 
with promising results in animal studies and limited 
preliminary investigations in humans [67–72]. There is 
an exciting potential for MRI and 3D electroanatomic 
map guided arrhythmia ablation in the future that 
will be a next step in the revolution of interventional 
electrophysiology procedures for the complex CHD 
population.
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