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ABSTRACT
Arrhythmias are a leading cause of morbidity in adults with congenital
heart disease. Numerous challenges to managing arrhythmias include
vascular access issues, intracardiac shunts, unconventional locations
of the conduction system, and anatomical complexities. Technological
advances are improving our ability to diagnose and treat arrhythmias.
Implantable loop recorders and various technologies developed for
consumers to record electrocardiographic tracings using smartphone
applications, watches, and dedicated portable devices are expanding
our armamentarium of diagnostic tools. Remote magnetic-guided
catheter ablation is enhancing access to otherwise difficult to reach
arrhythmia substrates. Cryoablation allows perinodal arrhythmias to be
safely treated in patients with displaced or difficult to predict locations
of the atrioventricular conduction system. Interventions that minimize
radiation exposure to near 0 levels are gaining interest and pulmonary
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R�ESUM�E
Les arythmies sont une des principales causes de morbidit�e chez les
adultes atteints d’une cardiopathie cong�enitale. Les nombreux d�efis
dans la prise en charge des arythmies comprennent les problèmes li�es
à l’accès vasculaire, les shunts intracardiaques, la configuration
inhabituelle du système de conduction et les complexit�es anato-
miques. Les avanc�ees technologiques am�eliorent notre capacit�e à
diagnostiquer et à traiter les arythmies. Les enregistreurs en boucle
implantables et diverses technologies mises au point pour permettre
aux consommateurs d’enregistrer des trac�es �electrocardiographiques
au moyen d’applications pour t�el�ephones intelligents, de montres ou
d’appareils portables d�edi�es �elargissent notre arsenal d’outils diag-
nostiques. L’ablation à distance par cath�eter guid�e magn�etiquement
am�eliore l’accès à des substrats anatomiques de l’arythmie qui
seraient autrement difficiles à atteindre. La cryoablation permet de
Advances in the management of children and adults with
congenital heart disease (CHD) have had a major effect on
long-term survival,1 such that the projected number of adults
with CHD in Europe and North America now exceeds 3.5
million.2-4 As adults with CHD age, arrhythmias ranging
from sinus node dysfunction to ventricular fibrillation increase
in prevalence.5-7 Recommendations on the recognition and
treatment of arrhythmias have been incorporated in Canadian,
US, and European management guidelines for adults with
CHD.8-10 Moreover, expert societies recognized that there are
numerous, sometimes unique, challenges and issues involved
in managing arrhythmias in this patient population, such that
an international panel was convened to provide detailed
consensus-based recommendations.11 Overcoming some of
the challenges related to vascular access issues and anatomical
complexities is highly dependent on available tools and
technologies. Herein, we review technological advances that
are revolutionizing the way arrhythmias are detected and
treated in adults with CHD (Table 1).
Arrhythmia Detection

Ambulatory electrocardiogram monitoring

Detecting and accurately diagnosing arrhythmias remains
the cornerstone of patient management. Class I recommen-
dations have been proposed for standard electrocardiograms
(ECGs), ambulatory ECG monitoring, cardiac event loop
recorders, and implantable loop recorders.11 Whereas a 12-
lead ECG is an integral component of routine follow-up,
ambulatory ECG monitoring is indicated when there is a
need to clarify or exclude an arrhythmia, establish a
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vein isolation procedures to treat atrial fibrillation are increasingly
performed. Cardiac implantable electronic devices compatible with
magnetic resonance imaging have become the norm. Subcutaneous
defibrillators and leadless pacemakers are providing effective solu-
tions to patients in whom transvenous leads are contraindicated or not
desired. His-bundle pacing is emerging as a viable option to provide
more physiological pacing. Progressive advances in multicomponent
communicating leadless devices carry the promise of providing lead-
less dual chamber pacing and cardiac resynchronization therapy in the
near future. The safety of transvenous lead extraction procedures is
likely to improve with advances such as the low-pressure balloon to
manage superior vena cava lacerations. Awareness of these de-
velopments and referral to sites with dedicated expertise could
contribute to further improving outcomes in adults with congenital
heart disease.

traiter sans danger les arythmies p�erinodales chez les patients dont le
système de conduction auriculoventriculaire est d�eplac�e ou localis�e de
façon difficilement pr�evisible. Les interventions permettant de r�eduire
au minimum l’exposition au rayonnement, à des niveaux presque nuls,
suscitent de plus en plus d’int�erêt, et les interventions d’isolement des
veines pulmonaires pour le traitement de la fibrillation auriculaire sont
de plus en plus pratiqu�ees. Les dispositifs cardiaques �electroniques
implantables compatibles avec l’imagerie par r�esonance magn�etique
sont devenus la norme. Les d�efibrillateurs sous-cutan�es et les
stimulateurs cardiaques sans �electrodes offrent des solutions efficaces
aux patients chez qui les �electrodes transveineuses sont contre-
indiqu�ees ou non souhait�ees. La stimulation du faisceau de His s’af-
firme peu à peu comme une option viable de stimulation plus physi-
ologique. Les avanc�ees progressives dans la conception de dispositifs
multicomposants de communication sans �electrodes permettent
d’esp�erer l’avènement prochain de traitements comme la stimulation
double chambre et la resynchronisation cardiaque sans �electrodes.
L’innocuit�e des interventions d’extraction des �electrodes par voie
intraveineuse sera probablement am�elior�ee grâce aux avanc�ees
comme l’utilisation du ballon à faible pression dans la prise en charge
des lac�erations de la veine cave sup�erieure. La connaissance de ces
progrès et l’orientation vers des sites fond�es sur une expertise
sp�ecialis�ee pourraient contribuer à la poursuite de l’am�elioration des
r�esultats th�erapeutiques pour les adultes atteints de cardiopathie
cong�enitale.
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correlation with symptoms, assess risk, or determine appro-
priate therapy.11

Importantly, the yield of ambulatory ECG monitoring is
dependent, in part, on the duration of screening. For example,
in a retrospective series of adults with CHD, the prevalence of
detected arrhythmias was twofold higher with 24-hour Holter
monitoring compared with a standard ECG (31% vs 15%).12

One-quarter of the patients with arrhythmias detected using
Table 1. Challenges and solutions in adults with CHD

Challenges in adults with CHD Technological advancements

Diagnosis Diagnosis

� Unproven arrhythmias
� Stroke risk evaluation
� Radiation exposure secondary to

medical exams
� Contraindication to MRI

� Long-term monitoring
� Implantable cardiac monitoring
� Low dose radiation exams,

nonradiation exams (MRI)
� MRI conditional devices

Treatment Treatment

� Need for CIED but vascular ob-
structions or inaccessible cardiac
chambers

� Arrhythmias in patients without
vascular access, inaccessible cham-
bers, or difficult to reach substrates

� Radiation exposure due to
procedures

� Structural, electrophysiological, sur-
gical procedures at the same time

� Subcutaneous ICD
� Leadless pacemaker
� Extravascular devices
� 3-D navigation systems
� Remote magnetic-guided

navigation
� Low dose settings, zero

fluoroscopic procedures
� Heart team approach with

combined procedures and
multidisciplinary expertise

Follow-up Follow-up

� Frequent in-clinic visit with high
rate of no show

� Remote monitoring

CHD, congenital heart disease; CIED, cardiac implantable electronic
device; ICD, implantable cardioverter-defibrillator; MRI, magnetic resonance
imaging.
Holter had unrevealing ECGs, and 80% of patients with
detected arrhythmias were asymptomatic. In symptomatic
patients, 37% experienced similar symptoms during Holter
monitoring, thereby allowing for a diagnosis to be established.
A second series assessed the value of Holter monitors in 189
patients with tetralogy of Fallot (n ¼ 100), Fontan surgery
(n ¼ 51), or transposition of the great arteries with atrial
baffles (n ¼ 38).13 The test was considered “clinically sig-
nificant” if it prompted a change in therapy. By this defini-
tion, a modest (40%) sensitivity for routine monitoring was
reported, with a high (96%) negative predictive value for
future clinically significant arrhythmias. The diagnostic yield
improved with older age.

In selected populations with syncope or at increased risk
for atrial fibrillation (AF), the diagnostic yield of a 24-hour
Holter monitor varied from 2% to 11%.14,15 By increasing
the monitoring period to 7-30 days, the detection of AF or
syncopal events increased to 16-25%.15,16 In a comparison of
24-hour Holter vs 14-day monitoring (Zio patch, IRhythm,
San Francisco, CA) in 146 patients, 61 vs 96 arrhythmias
were detected (P < 0.001).17 Applying these monitoring
strategies to children, 57% of detected arrhythmias occurred
after 24 hours.18 In another report, 29% of arrhythmias were
recorded after > 48 hours.19 In short, a substantial proportion
of arrhythmias escape detection when monitoring is limited to
24 hours.
Loop recorders

Cardiac event loop recorders are typically indicated to
establish whether or not sporadic symptoms are caused by
transient arrhythmias; or whether cryptogenic stroke can be
linked to subclinical atrial arrhythmia.11 Where the index of
suspicion for a malignant arrhythmia is high (eg, syncope of



Figure 1. Implantable cardiac monitor in an adult with congenital heart disease. The upper panel shows radiographic posteroanterior and left lateral
views of an implantable cardiac monitor in a 56-year-old patient with Turner syndrome, ventricular septal defect, and pulmonary stenosis, with a
stent in the proximal pulmonary artery. The lower panel captures a 12-second complete atrioventricular block associated with dizziness. VS,
ventricular sensed event.

1710 Canadian Journal of Cardiology
Volume 35 2019
unclear origin) but a symptom-rhythm correlation cannot be
established by other means, implantable cardiac monitors
(ICMs) can be of value (Fig. 1).11 Modern ICMs are inch-
long recording chips inserted subcutaneously in a parasternal
location using local anaesthesia. The procedure can potentially
be performed in an office setting, outside of an electrophysi-
ology laboratory. ICMs offer longer-term monitoring (2-4
years) than standard external loop recorders. Data are stored
automatically according to programmed parameters for brady-
and tachyarrhythmias and upon patient activation. Techno-
logical advances are contributing to an enhanced power to
detect arrhythmias using new algorithms for AF and bra-
dyarrhythmias, filtering and detection processes, and novel
self-learning intelligence. Moreover, home monitoring systems
with or without cellphone capabilities add to the simplicity of
using these devices, which might be particularly attractive to
the young population with CHD.

In a retrospective cohort of 22 patients with CHD, the most
frequent indication for an ICM was syncope followed by palpi-
tations.20 The ICM led to a diagnosis (either confirming or
excluding arrhythmia) in 71%of patients. Amore recent study of
94 patients with an ICM included 4 patients with CHD (with
the others having other forms of structural heart disease or an
inherited arrhythmia syndrome).21 The diagnostic yield was
45% at 10months, with a higher yield in patients with structural
heart disease (60%). A higher rate of nonsustained ventricular
tachycardia was observed in patients with structural heart disease
(30%). Newer ICMs (Reveal LINQ [Medtronic, Minneapolis,
MN]; Confirm Rx [Abbott, Chicago, IL]; Biomonitor2 [Bio-
tronik, Berlin, Germany]) are smaller (1.2-5 cc), which is ad-
vantageous for smaller and dysmorphic adults (pectus
excavatum) with CHD, and are also associated with lower
bleeding and infection rates,22 shorter procedural times (15 vs 23
minutes), and lower costs.23

Consumer-wearable ECG monitoring devices

Detecting atrial arrhythmias, particularly AF and intra-
atrial re-entrant tachycardia, is important in adults with
CHD for several reasons, including prevention of thrombo-
embolic complications and heart failure.24-26 There is growing
interest in new technologies developed for consumers to re-
cord and monitor their own ECG tracings using smartphone
applications, watches, and dedicated portable units.27 These
technologies empower patients to more actively participate in
their health care. Consumer-wearable ECG monitoring is
likely to progressively affect the care of adults with CHD
considering the age bracket of this patient population,28 the
high prevalence of arrhythmias, and the practical, compact,
and increasingly ubiquitous nature of these technologies.



Figure 2. Arrhythmia captured by a smartphone-based application in a patient with tetralogy of Fallot. (A) A 34-year-old woman with surgically
repaired tetralogy of Fallot captured her arrhythmia using the Kardia Mobile (AliveCor, Mountain View, CA) device with an iPhone app. The 30-second
lead I tracing was classified as “undetermined.” Upon review, it appeared consistent with intra-atrial re-entrant tachycardia with slow and variable
atrioventricular conduction. An intra-atrial re-entrant tachycardia with a cycle length of 290 to 300 ms was confirmed in an electrophysiological
study. (B) Surface electrocardiogram leads I, II, aVF, and VI followed by intracardiac recordings from the lateral right atrium, coronary sinus, and right
ventricular apex. Electroanatomic mapping is depicted in (C) in a left anterior oblique view. Local activation times are colour-coded, with the site of
earliest atrial activation in white and latest in dark blue.
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The earliest use of smartphones to monitor cardiac ac-
tivity was by means of photo plethysmography, whereby a
heart rate was obtained by placing a finger over a camera
lens and flash. The technology subsequently morphed into
single-lead ECG recordings, typically by using 2 electrodes
and an application to process the data. The first such
technology by Kardia Mobile (AliveCor, Mountain View,
CA) received Food and Drug Administration (FDA) 510(k)
approval in December 2012. Its algorithms have subse-
quently been cleared by the FDA and received European
Conformity to classify tracings as normal, interference, or
AF. Shortly after, ECG Check (Cardiac Designs, Round
Rock, TX), which is also compatible with iPhone and
Android devices, followed suit (Fig. 2). D-Heart (D-Heart,
Genova, Italy) is working on a smartphone-based technology
to display an 8-lead ECG using adhesive electrodes, with the
intention of targeting underserved areas of the world. Free-
standing devices under development include the EPI Mini
(EPI Mobile Health Solutions, Paragon, Singapore) and
iHealth Rhythm (iHealth Labs, Mountain View, CA).

In adults withCHD, skin perfusion for heart rate readings can
potentially be influenced by vascular anomalies and previous
palliative shunts (eg, Blalock Taussig shunt). In addition, the
ideal position of leads and monitors could vary according to
cardiac malposition. Although several brands of fitness watches
and bandsmeasure pulse rates using photo plethysmography, the
Apple Watch series 4 (Apple Inc, Cupertino, CA) is the first
smart watch to receive FDA approval for its ECG sensor and AF
detection algorithm. At the time of writing, this feature was only
available in the United States and its territories of Puerto Rico,
Guam, and the US Virgin Islands. The Apple Heart Study, a
prospective single-armobservational study, self-enrolled 419,297
participants (NCT03335800).29 Presented in abstract form at
the 2019 American College of Cardiology Scientific Sessions,
approximately 0.5% of participants received an irregular pulse
notification.30 Among those with notifications who followed up
with ECG patch monitoring, one-third (34%) were found to
have AF. Although a full-length report remains to be scrutinized,
these preliminary results shed light on the potential for
consumer-wearable technologies to affect patient care. Lower
confidence limits for sensitivity and specificity values of 95.8%
and 99.7%, respectively, were reported in study participants with
newer devices with and without a history of AF.31 The focus has
thus far beenondetectingAF,which is increasing inprevalence in
adults with CHD.32Macro re-entrant atrial circuits are the most
common sustained arrhythmias in adults with CHD and no
wearable ECG algorithm has been validated for this purpose.
Nevertheless, these technologies allow for users to record and
share ECG tracings with their physicians thereby extending
diagnostic capabilities beyond the realm of AF.



Figure 3. Remote magnetic-guided retrograde approach to catheter ablation in a patient with a single ventricle and extracardiac Fontan. Shown are
posteroanterior views of electoanatomic mapping with computed tomography scan image integration of of a nonautomatic focal atrial tachycardia in
a patient with a univentricular heart and extracardiac Fontan conduit. Retrograde aortic access to the pulmonary venous atrium was obtained using
a soft and flexible magnetic-guided irrigated radiofrequency ablation catheter. In the left panel, note the location of the focal atrial tachycardia in the
inferior portion of the pulmonary venous atrium, above the site where the inferior vena cava was transected and connected to the extracardiac
conduit. On the right panel, the focal atrial tachycardia is seen bordering the dense scar, which is the presumed site of the transected and oversewn
inferior vena cava.
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Catheter Ablation

Remote magnetic-guided (remote magnetic navigation)
catheter ablation

Catheter ablation plays a central role in the management of
atrial and ventricular arrhythmias in adults with CHD.11

However, catheter access to arrhythmia substrates can prove
challenging because of vascular anomalies or complex anato-
mies.33 Integration of 3-D imaging is deemed essential to
providing an anatomic roadmap in such cases. An elegant
technological solution that is well tailored to the CHD pop-
ulation is the use of remote magnetic navigation (RMN).34

With this approach, soft and flexible mapping and radio-
frequency ablation catheters can be steered toward otherwise
unattainable areas. This system has been used to reach ar-
rhythmias in pulmonary venous atria by means of a retrograde
aortic approach, thereby overcoming limitations to venous
access and obviating the need for complex transbaffle punc-
tures (Fig. 3). Moreover, the risk of perforation is virtually
eliminated by the soft catheters.34,35 In vitro experiments have
shown that the contact pressure generated by the current
system (Niobe ES RMN System, Stereotaxis, St Louis, MO)
can reach 20 g.36 Limitations include costs and the inability to
integrate multielectrode mapping as yet.

The literature on RMN in patients with CHD remains
limited, on the order of approximately 200 patients, mostly on
atrial arrhythmias. Safety and feasibility have been shown in
those with complex CHD.34,3537-43 Despite the small
volumes and learning curves, reported acute success rates have
ranged from 82% to 100%, with 67% to 100% freedom from
arrhythmia recurrence at a mean follow-up of 4-20 months.40

In addition to the advantages regarding access to arrhythmia
substrates, shorter procedural and fluoroscopy times have been
reported. After a learning curve, the mean fluoroscopy expo-
sure time was reported to decrease from 40 to 1.6 minutes.43

Although no cardiac perforation or pericardial effusion has
been reported, the RMN system remains subject to standard
complications related to vascular access, thromboemboli, and
infections.43 Larger studies are required to provide more ac-
curate estimates of acute and long-term efficacy and compli-
cation rates. It also remains to be determined whether the
favourable outcomes reported for RMN-guided ventricular
tachycardia ablation in non-CHD patients44 can be mirrored
in the adult CHD population.
Cryoablation

In addition to issues related to catheter access, another
challenge encountered in adults with CHD is the ablation of
perinodal arrhythmias in the context of displaced or difficult
to predict locations of the atrioventricular conduction system.
Distinct from radiofrequency ablation, cryoablation (Med-
tronic CryoCath LP, Montreal, QB) allows for reversible
electrophysiological effects before permanent tissue destruc-
tion. Moreover, adhesion of the catheter tip to the endocardial



Figure 4. Cryoablation of a para-Hisian nonautomatic focal atrial tachycardia (NAFAT) through a transbaffle puncture in a patient with a double-inlet
left ventricle and intracardiac lateral tunnel total cavopulmonary connection (TCPC) Fontan. Contrast angiography of the intracardiac TCPC Fontan is
shown in (A). A right anterior oblique view of the transseptal needle is shown in (B). A reference catheter (Ref) consisting of a transvenous
pacemaker lead was screwed onto the lateral wall of the TCPC via the right internal jugular vein. Position of the cryocatheter at the site of successful
ablation of the NAFAT using transbaffle access is shown in (C) (asterisk). (D) Three-dimensional electroanatomic maps of the TCPC and neo-left
atrium (LA) in anterior and posterior views. His bundle recordings are marked by the yellow circles. The site of successful cryoablation of the
peri-Hisian NAFAT is indicated by the green circle. AV, atrioventricular; LPA, left pulmonary artery; RPA, right pulmonary artery; SVC, superior vena
cava. Reproduced from Ávila et al.49 with permission from Elsevier.
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surface enhances catheter stability, a feature particularly ad-
vantageous in the setting of perinodal arrhythmias.45-48

In adults with CHD who underwent cryoablation for atrial
arrhythmias, recurrence rates ranging from 6% to 10% were
reported at a follow-up of 24-26 months.47,48 In a single-centre
case series, cryoablation proved to be safe and moderately
effective in ablating perinodal arrhythmias in patients with
single-ventricle physiology (Fig. 4), congenitally corrected
transposition of the great arteries, atrioventricular septal defects,
and complete transposition of the great arteries with an atrial
baffle.49 Cryoablation was acutely successful in 75% of targeted
arrhythmias, with no procedural complications. In the
remaining cases, cryoablation was deemed useful in showing
safety before effective crossover to radiofrequency ablation.49 It
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is, therefore, thought to be helpful in localizing and eliminating
slow pathway inputs to atrioventricular nodes that are not
within the usual confines of Koch’s triangle and in ablating
septal circuits and perinodal or peri-Hisian focal tachycardias.

Zero fluoroscopy

Three-dimensional electroanatomic mapping systems allow
for catheter ablation procedures to be performed with 0 or
near 0 radiation exposure. Radiation exposure is a matter of
concern to all patients, as promulgated by the “as low as
reasonably achievable” principle.50 Nevertheless, there is
increased awareness about further minimizing radiation
exposure to vulnerable subgroups such as children, pregnant
women, and CHD patients who require multiple in-
terventions (electrophysiological and hemodynamic) during a
lifespan. The Carto Univusystem (Biosense-Webster Inc,
Irvine, CA) was assessed in 55 patients with CHD who
required 63 ablation procedures.51 In this setting, the system
was associated with a median fluoroscopy time of 8 seconds,
median total dose area product of 55 cGy/cm2, and median
effective dose of 0.136 mSv. Overall, 89% of ablation pro-
cedures were performed with an effective dose < 1 mSv.

Periprocedural imaging with ultrasound technologies such
as intracardiac echocardiography and transesophageal echo-
cardiography can also contribute to a reduction in fluoroscopy
dose, as reported in a non-CHD population with ablation for
AF or ventricular tachycardia.52 Additional simple precautions
such as limiting cine acquisition, adjusting the height of the
table, reducing the frame rate, lowering the radiation dose per
pulse, and collimation could have a major effect on reducing
radiation exposure to the patient and personnel.50 Age at
exposure and higher dose of radiation received remain primary
determinants in conferring carcinogenic riskda distinct
consideration in the younger population of CHD patients.53

For example, the lifetime attributable risk of radiation-
induced cancer was projected to be 25 per 1000 procedures
in girls exposed to > 10 mSv at younger than 1 year of age
and decreased with a lower dose and older age.54

Ablation of atrial arrhythmias

With AF poised to become the next arrhythmic epidemic
to strike adults with CHD after intra-atrial re-entrant tachy-
cardia,24 there is a growing interest in AF ablation procedures
centred on pulmonary vein isolation (PVI) in this patient
population.25 Outcomes for catheter ablation have improved
considerably since the introduction of 3-D electroanatomic
mapping systems and irrigated or large electrode-tip catheters
capable of creating deeper lesions.55

The largest series of PVI-based AF ablation consists of 57
patients with an average age of 51 years, 61% of whom had
simple, 18% moderate, and 21% complex forms of CHD.56

When PVI failed to achieve sinus rhythm, additional linear
lesions were performed, occasionally supplemented by abla-
tion of complex fractionated atrial electrograms. Arrhythmia-
free survival rates with or without antiarrhythmic drugs were
63% at 1 year and 22% at 5 years, which appear to be lower
than in the general population.57,58 Moreover, an 8%
complication rate was reported, which exceeds that observed
in contemporary series of patients without CHD. Thus,
although the feasibility of PVI has been described in the rare
patient with complex CHD,57,58 current data are insufficient
to claim efficacy and safety outcomes equivalent to that in
patients without CHD. A greater appreciation of underlying
mechanisms and electrophysiological substrates might
contribute substantially to further improving outcomes in
adults with CHD and AF.25

In addition to consistent improvements in management of
AF, technological advances have improved mapping of com-
plex scar-related atrial arrhythmiasdnamely, smaller elec-
trodes in multipolar configurations (64 � 0.4 mm electrodes,
Intellamap Orion [Boston Scientific, Boston, MA]; 20 � 1
mm electrodes, Pentaray Catheter [Biosense-Webster Inc];
HDGrid [Abbott]). This advance provides improved mapping
resolution and accuracy where definition of diseased, frag-
mented electrograms is central to the clinical tachyar-
rhythmiadand pivotal in contrast to the patient with a
normal myocardial substrate.59 In a series of 12 adults with
CHD in which the Rhythmia mapping system (Boston Sci-
entific) was used in 15 procedures (including 1 ventricular
tachycardia), complete mapping was achieved in only 44% of
cases, primarily because of dilated chambers.60 Three patients
(25%) had recurrences during a median follow-up of 12
months.60 Although such newer technologies require further
study, they highlight the challenges in creating durable lesions
in adults with CHD. For adults with CHD and arrhythmias
who undergo cardiac surgery, concomitant intraoperative
ablation could be considered.61,62

Complex venous and cardiac anatomy is frequently a major
issue in planning, mapping, and executing ablation for the
scar-related or focal arrhythmias in the patient with repaired
CHD, and definition of anatomy is crucial. Pre-emptive im-
aging with computed tomography, magnetic resonance im-
aging (MRI), or contrast venography has become standard in
most centres that perform these procedures, along with
continued advances in image integration. This latter feature
allows for a manual or automated computed tomography
segmentation process, providing detailed anatomic 3-D image
integration highlighting discrete anatomic structures (Carto-
seg, Biosense-Webster; Fig. 3).

Ablation of ventricular arrhythmias

Sudden cardiac death of presumed arrhythmic etiology is a
leading cause of mortality in adults with CHD.5,63 An
interplay of factors including surgical scars and slow con-
ducting myocardial tissue can result in critical electrical isth-
muses that favour re-entrant ventricular tachycardia. Over the
years, catheter ablation has played an increasingly important
role in managing ventricular arrhythmias in adults with CHD,
with acute success rates of 80%-85% and recurrence rates of
6%-15% at 3-5 years of follow-up.64,65 As a general rule,
ventricular tachycardia ablation is not considered a substitute
for an implantable cardioverter-defibrillator (ICD) in high-
risk patients.
Cardiac Implantable Electronic Devices

Compatibility with MRI

Most novel cardiac implantable electronic devices (CIEDs)
are now MRI conditional, which is important to adults with



Figure 5. Subcutaneous implantable cardioverter-defibrillator (S-ICD) in a Fontan patient with dextrocardia. Shown are radiographic posteroanterior
(right) and left lateral (left) views of a right-sided implant of a first-generation S-ICD (1010, Cameron Health) in a 26-year-old patient with dextro-
cardia and a total cavopulmonary connection Fontan. The S-ICD was implanted after a successfully resuscitated cardiac arrest. The patient had a
previous epicardial pacemaker implanted for sinus node dysfunction. The leads and pacemaker were truly dedicated bipolar devices rendering it
impossible for unipolar pacing to be programmed, which could potentially induce double counting and inappropriate shock. Screening and testing
were performed with and without pacing. L, left.
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CHD who often require magnetic resonance imaging to assess
cardiovascular and extracardiac manifestations of their disease.
In such cases, the only restrictions for MRI scanning related to
the CIED are epicardial, dysfunctional, or abandoned leads,
Figure 6. Leadless pacemaker (A) combined with a subcutaneous implantab
disease. (A) Radiographic images in posteroanterior and left lateral views of
atrioventricular septal defect, superior vena cava syndrome, and subclavi
pseudomonas aeruginosa. An S-ICD was subsequently implanted (B) in the c
devices was observed. L, left.
which unfortunately remain problematic for many adults with
CHD. MRI compatible epicardial leads are of interest but
have yet to be developed. There is also a growing literature on
MRI scanning in patients with non-MRI conditional
le cardioverter-defibrillator (S-ICD) (B) in an adult with congenital heart
a leadless pacemaker implanted in a 44-year-old patient with a partial
an vein thrombosis after endocarditis of the tricuspid valve due to
ontext of a resuscitated cardiac arrest. No interaction between the two
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CIEDs.66 With appropriate precautions, MRI scanning is
feasible and safe. Nevertheless, for cardiovascular indications,
artifacts created by the CIED remains an important issue that
could hamper image interpretation, yet technological advances
related to gradient-echo sequencing has allowed for improved
image quality even in the context of devices, intracardiac leads,
and thoracic 1.5 Tesla magnetic resonance imaging.67,68

Importantly, current iterations of newer technologies
including the ICM, leadless pacemaker, and subcutaneous
ICD (S-ICD) are also MRI conditional. Extraction of older
leads to render a CIED system MRI conditional remains a
class IIb indication.69

Newer technologies

The vascular access issues and complex anatomies that
render catheter ablation procedures challenging could likewise
impede transvenous lead implantation in adults with CHD.70

In some instances, epicardial lead implantation has tradi-
tionally been the only reasonable option available. Over the
past decade, leadless and/or nontransvenous devices have
emerged as suitable alternatives in selected patients. These
devices have the potential to favourably affect complications
related to transvenous lead systems including pericardial
effusion, pneumothorax, lead dislodgement, lead fracture,
venous thrombosis, stroke related to an intracardiac shunt,
pocket infection, endocarditis, and subpulmonary atrioven-
tricular valve regurgitation.71-73 Some of these complications
are more common in young and active patient populations
and can have catastrophic consequences.

S-ICDs. The first human implantation of an S-ICD was in
2008. Progressive improvements have since been made to
preimplantation testing methods, detection algorithms, pro-
gramming capabilities, implantation procedures, and MRI
compatibility. Although the major cohort studies (ie, Inves-
tigational Device Exemption [IDE] and Evaluation ofFactors
Impacting Clinical Outcome and Cost Effectiveness of the S-
ICD [EFFORTLESS S-ICD] Registry) did not exclude pa-
tients with CHD, only a limited number (ie, N ¼ 19) of such
patients were enrolled.74-76 A few studies have reported on the
initial experience with the S-ICD specifically in adults with
CHD.77,78 The need for thorough screening has been iden-
tified as an important issue to mitigate the risk of inappro-
priate shocks due to T-wave oversensing, which is particularly
problematic in patients with wide QRS complexes, as is
typical of tetralogy of Fallot. New algorithms, including Smart
Pass (Boston Scientific), and dual-zone programming have
resulted in a reduction in the rate of inappropriate shock from
14% to 3.5% in the latest reports.79,80 Another issue relevant
to adults with CHD is the compatibility of the S-ICD with
preexisting transvenous, leadless, and epicardial pacemakers
because of the high prevalence of coexisting bradyarrhythmias.
Initial reports suggest that, when appropriately programmed,
these devices can indeed be compatible with the important
exception of unipolar pacemaker leads.81

In many respects, adults with CHD who require a defi-
brillator are ideal candidates for the S-ICD by virtue of limited
transvenous access and/or contraindications such as intracar-
diac shunts (Fig. 5).82 In the past, such patients might have
otherwise received a more complex epicardial ICD system that
is prone to a higher failure rate.83 Randomized trials (Pro-
spective, Randomized Comparison of Subcutaneous and
Transvenous Implantable Cardioverter Defibrillator Therapy
Trial [PRAETORIAN] and Avoid Transvenous Leads in
Appropriate Subjects [ATLAS]) are currently under way to
compare S-ICDs with standard transvenous systems.84,85

Results should be available in 2020-2021.

Leadless pacemakers. Although the notion of leadless pacing
dates back to the 1970s, a transcatheter pacing system was first
introduced in 2012 with the heralded benefits of avoiding
lead- and device pocket-related complications (first with
Nanostim from Abbott86 and then with Micra [Medtronic
Inc, Dublin, Ireland]87,88). Published data on leadless pace-
makers in adults with CHD remain limited,89 in part because
only single-chamber ventricular pacemakers are currently
available and most adults with CHD and pacemaker in-
dications require dual chamber devices. Studies to combine
the leadless ventricular pacemaker with an accelerometer-
based atrial sensor are ongoing to provide atrioventricular
synchronous pacing.90,91 Leadless pacemakers might be
particularly well suited to adults with CHD who have vascular
abnormalities of the superior veins or venous obstructions as a
result of longstanding transvenous leads (Fig. 6). The im-
plantation technique requires femoral venous access. Excep-
tionally, case reports have described the safe implantation of
leadless pacemakers using a jugular venous approach.92

Longevity of leadless pacemakers is estimated to be
approximately 10 years, depending on the pacing rate and
output, but long-term studies are lacking. Issues regarding
replacements and extractions years later require clarification.
Despite the absence of a dedicated tool for leadless pacemaker
extractions, reports have described successful device removal
up to 2 years after implantation.93 Encapsulation could pose a
major challenge to successful extraction. Although it might be
technically feasible to add new leadless pacemakers in the
event of battery depletion, the question of how many devices
can be implanted safely in a subpulmonary ventricle before
compromising function remains unanswered.

His bundle pacing. His bundle pacing (HBP), initially
described in the late 1970s,94,95 has recently emerged as a
viable option to provide more physiological pacing. Despite
the newfound interest in reviving and perfecting this tech-
nology, HBP has already been featured in management
guidelines. In 2018, the American College of Cardiology/
American Heart Association/Heart Rhythm Society guidelines
on bradycardia and cardiac conduction delay expressed a
preference for “more physiological” pacing (ie, cardiac
resynchronization therapy [CRT] or HBP) in patients with
atrioventricular block, > 40% ventricular paced beats, and an
ejection fraction between 36% and 50% to prevent heart
failure.96 Studies are currently comparing HBP with CRT in
patients with standard CRT indication.97 Currently, HBP is
not recommended as an alternative to CRT because of the
variability in recruitment of the left bundle and in the absence
of consistent data that this approach reduces mortality and
hospitalizations and improves quality of life.98 Recent data on



Figure 7. Lead extraction. Extraction of a single-chamber atrial pacemaker and implantation of a dual chamber implantable cardioverter-defibrillator
was performed in a 35-year-old individual with transposition of the great arteries and Mustard surgery. (A) Angiography revealed stenosis of the
superior limb of the Mustard baffle. Shown in (B), the stenosis persisted despite laser lead extraction. Stenting of the baffle is shown in (C),
followed by implantation of the implantable cardioverter-defibrillator in (D).
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HBP and left bundle branch pacing have emerged indicating a
high rate of crossover to CRT.99,100 Techniques and in-
dications remain to be refined.

HBP has been reported in 1 patient with congenitally
corrected transposition of the great arteries.101 If studies prove
favourable, it could potentially become the preferred mode of
pacing in subgroups of adults with CHD who require dual
chamber pacing or have a CRT indication. Complexities in
identifying appropriate sites to capture the His bundle or left
bundle branch area in adults with CHD include anatomical
obstacles (eg, atrial switch), displaced or difficult to predict
locations of the atrioventricular conduction system, post-
operative complete atrioventricular block, and ventricular
septal defect patches or closure devices.

Emerging technologies. Leadless pacing is now a reality.
Progressive advances will continue to broaden the population
base that stands to benefit from this technology. It is only a
matter of time before multicomponent communicating lead-
less devices capable of performing atrial pacing, dual chamber
pacing, and CRT become available. The Wise-CRT system
(EBR Systems Inc, Sunnyvale, CA) combines a systemic
ventricular free wall endocardial leadless pacemaker with a
subcutaneous ultrasonic transmitter synchronized to a con-
ventional right-sided pacing system.102 A large multicentre
investigational device exemption clinical trial approved by the
FDA is currently under way.103 If proven effective, this type
of system obviates the need for coronary sinus access to pace a
systemic ventricle and could, therefore, be of particular in-
terest to patients in whom the coronary sinus is not accessible,
malformed, or does not lead to a systemic ventricle (eg,
congenitally corrected transposition of the great arteries,
complete transposition with an atrial baffle, and selected
candidates with univentricular hearts).

Other anticipated technological advances include expand-
ing the S-ICD from a shock box device into a combined
pacing and defibrillation system. Prototypes implanted in
animals have shown the ability for a leadless pacemaker to
communicate with an S-ICD.104,105 Although these 2 tech-
nologies have already been combined in humans without in-
teractions (Fig. 6),81 the ability of the devices to communicate
and integrate their functions could allow for such features as
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antitachycardia pacing to treat monomorphic ventricular
tachycardia and back-up ventricular pacing in the event of
bradycardia. The first implantations in humans and accom-
panying clinical studies are anticipated in the latter half
of 2019.

Additional emerging technologies include an extravascular
ICD (Medtronic) that combines an investigational retrosternal
pacing and defibrillation lead implanted by means of a small
incision (1-3 cm) into the virtual space below the sternum,
with an S-ICD placed over the left lateral thorax. Such a
device could allow back-up and antitachycardia pacing. The
ability to pace, sense, and defibrillate using the retrosternal
lead has been shown in a study of 79 patients.106 The 20 first
human implantations have been reported at the Late Breaking
Trial in Heart Rhythm Society meeting in San Francisco in
May 2019, without intraprocedural complications, but with 4
withdrawals after implantation because of lack of a safety
margin in defibrillation threshold.107 Significant challenges
might be encountered in the population of adults with CHD
because of previous cardiac surgeries, fibrosis, a reduction in
the virtual retrosternal space, and/or issues related to thoracic
deformities (eg, pectus excavatum). Optimal adoption of some
of these newer technologies will require a heart team approach
that includes electrophysiologists, adult CHD specialists,
surgeons, structural cardiologists, and echocardiographers.
Lead Extraction
As the population of adults with CHD grows and ages,

transvenous lead extraction procedures are increasingly
required (Fig. 7). Several reports have shown feasibility and
safety in adults with CHD by using a stepwise approach that
uses various tools (eg, laser, mechanical, and rotational
sheaths; single or double snares) and access sites (eg, subcla-
vian, femoral, and jugular).108,109 In adults with CHD,
combined tools and approaches are often required because of
the young age at implantation, number of leads, lengthy time
since implantation, and anatomical complexities (eg,
obstructed conduits or baffles). Complications such as peri-
cardial effusion are less common in adults with CHD because
of previous surgeries. However, adults with CHD might be
more prone to the complication of subpulmonary atrioven-
tricular valve regurgitation,110,111 particularly those with a less
compliant mitral valve in the subpulmonary ventricle (ie,
congenitally corrected or complete transposition of the great
arteries with an atrial baffle).108

A feared complication of transvenous lead extraction is
laceration of the superior vena cava (SVC), with ensuing rapid
intrathoracic hemorrhage. A low pressure compliant balloon
inflated in the SVC (Bridge Occlusion Balloon, Spec-
tranetrics, Colorado Springs, CO) and inserted over a wire
through femoral venous access was developed to prevent rapid
bleeding and allow for a � 30-minute period to stabilize the
patient and repair the SVC if needed. Retrospective studies in
a non-CHD population have yielded impressive results, with
all patients alive despite SVC lacerations.112 Applicability of
this technology to adults with CHD might be limited by
femoral venous access issues. Although bridge balloons have
been implanted in animal models through a superior
approach, the technique has not yet been reported in humans.
Conclusion
There are numerous technical challenges to managing ar-

rhythmias in adults with CHD including vascular obstruc-
tions and anomalies, stenotic baffles and conduits, intracardiac
shunts, and lack of direct access to chambers of interest after
surgical repair. Fortunately, technological advances are
permitting an increasing number of adults with CHD and
arrhythmias to be diagnosed and managed safely and effec-
tively. Considering the multitude of issues encountered, in
many respects adults with CHD stand to benefit most from
technological progress in catheter ablation and CIEDs.
Awareness regarding these advances and referral to sites with
dedicated expertise in managing arrhythmias in adults with
CHD could potentially contribute to further improving out-
comes in this unique and diverse patient population.
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