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Summary  Supraventricular  arrhythmias  are  an  important  and  increasing  cause  of  morbidity
in adults  with  congenital  heart  disease,  requiring  specific  management  strategies.  Pharma-
cological  treatment  has limited  efficacy,  and  is  often  associated  with  some  side-effects.
Major improvements  in  catheter  ablation  techniques  have  opened  new  opportunities  to  bet-
ter understand  underlying  mechanisms  of  supraventricular  arrhythmias,  offer  better  therapy,
and eventually  improve  symptoms  and  quality  of  life  in these  patients.  An  array  of  tools  and

Abbreviations: ACHD, adult congenital heart disease; AF, atrial fibrillation; AP, accessory pathway; CHD, congenital heart disease; IART,
intra-atrial reentrant tachycardia; SVA, supraventricular arrhythmia.
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techniques  are  necessary  to  access  relevant  anatomical  areas  to  address  the  arrhythmogenic
substrate.  The  mechanism  of  these  arrhythmias  is mostly  related  to  macroreentry  around  surgi-
cal scars  or  cavotricuspid  isthmus-dependent  flutter.  The  efficacy  of  catheter  ablation  is  mainly
dependent  on the  underlying  congenital  heart  condition,  with  the  most  complex  cases  typi-
cally being  associated  with  atrial  switch  and Fontan  surgeries.  Although  relatively  high  rates  of
recurrence are  seen  after  a  single  procedure,  additional  attempts  are often  helpful  to  decrease
recurrences  and  improve  symptoms.  Catheter  ablation  in  such  patients  continues  to  present
many unique  challenges  that  are best  addressed  by  experienced  multidisciplinary  teams,  at
centres equipped  with  the proper  catheters,  imaging  capabilities,  mapping  systems  and  sup-
port staff  needed  to  maximize  safety  and  success.  Consensus  indications  have  emerged  that
often support  ablation  as  first-line  therapy  in these  patients.  In  this comprehensive  review,  we
aim to  describe  the specific  issues  associated  with  ablation  of  supraventricular  arrhythmias  in
adult congenital  heart  disease,  assess  the  results  in  contemporary  practice  and,  finally,  review
the current  indications.
© 2017  Elsevier  Masson  SAS.  All rights  reserved.
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Résumé  Les  arythmies  supraventriculaires  sont  une  cause  importante  et croissante  de  mor-
bidité chez  les  adultes  porteurs  d’une  cardiopathie  congénitale.  Elles  nécessitent  une  prise  en
charge spécifique.  Le  traitement  médical  a  une  efficacité  limitée  et  reste  associé  à  des  effets
secondaires significatifs.  Les  progrès  majeurs  de  l’ablation  par  cathéters  apportent  de nouvelles
données sur  les  mécanismes  de  ces  arythmies,  permettent  de  les  traiter  en  améliorant  les  symp-
tômes  et  la  qualité  de vie.  Le mécanisme  est le plus  souvent  une  macroréentrée  dépendante
de l’isthme  cavo-tricuspidien  ou d’une  large  cicatrice.  L’efficacité  de l’ablation  par  cathéter
est dépendante  de  la  cardiopathie  sous-jacente.  Les  cas  les  plus  complexes  sont  représentés
par les  switch  atriaux  et  les  chirurgies  de  Fontan.  Malgré  des  récidives  après  une  première
procédure,  des  reprises  peuvent  être  proposées  pour  améliorer  le  succès  à  long  terme  et  les
symptômes. L’ablation  des  arythmies  supraventriculaires  chez  ces  patients  comporte  beaucoup
de challenges  et  spécificités.  Elle  sera  au  mieux  réalisée  par  des  équipes  multidisciplinaires
expérimentées,  dans  des  centres  équipés  des  différentes  modalités  d’imagerie  et  de  cartogra-
phie avec  différents  types  de  cathéters  disponibles  afin  de  diminuer  le  risque  de complication
et d’améliorer  les  résultats.  Des  indications  consensuelles  ont  été  proposées,  positionnant  sou-
vent l’ablation  en  première  intention  chez ces  patients.  Nous  décrirons  dans  cette  revue  les
particularités de  l’ablation  des  tachycardies  supraventriculaires  chez  les  adultes  porteurs  de
cardiopathie  congénitale,  les  résultats  actuels  et  les  indications  retenues.
© 2017  Elsevier  Masson  SAS.  Tous  droits  réservés.

Background

The  prevalence  of  adults  with  congenital  heart  disease
(CHD)  has  been  increasing  continuously  over the  past
decades,  with  improved  surgical  and  interventional  pro-
cedures  leading  to  better  survival.  Nowadays,  adults  with
complex  CHD  account  for  60%  of  all  patients  with  CHD  [1].
Nevertheless,  even  in simple  CHD, life  expectancy  remains
lower  than  in the  general  population.

Arrhythmias,  including  supraventricular  arrhythmias
(SVAs),  form  an important  component  in the care  of adult
CHD  (ACHD).  Even  by  2009,  data  from  the  USA  had indicated
that  SVAs occur  in  15%  of  adults  with  CHD. Furthermore,
the  prevalence  of SVA  increases  with  age,  and > 50%  of
patients  with  severe  CHD  who  reach  the  age of  18  years
go  on to  develop  atrial  arrhythmias  by  the age of  65
years  [2].  SVA  incidence  and type  are dependent  on  the

underlying  CHD  (Table  1). SVAs  are associated  with  a near
50%  increase  in  mortality.  The  risk  of stroke  and  heart
failure  is  twice  as  high  as  in an age/sex-matched  gen-
eral  population.  Arrhythmias  are also  the  main  cause  of
emergency  admissions  [3].  The  relationship  between  SVA
and  sudden  death  has  been  well  demonstrated  in Wolff-
Parkinson-White  syndrome  [4].  SVAs  may  rapidly  provoke
poor  haemodynamics  in ACHD, as  in transposition  of the
great  arteries  and atrial  switch.  SVAs with  relatively  slow
cycle  lengths  can  be conducted  to  the  ventricle  in a  1:1
fashion  with  poor  tolerance  [5].  The  occurrence  of  SVAs  is
favoured  by  surgical  atrial  scar,  pressure  or  volume  overload
of  cardiac  chambers,  accessory  atrioventricular  pathways
or  dual/atrioventricular  node  physiology.  Mostly,  they  are
related  to  intra-atrial  reentrant  tachycardia  (IART)  around
surgical  scars  or  natural  anatomical  barriers,  such  as  cavotri-
cuspid  isthmus-dependent  flutter.  The  incidence  of  atrial
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Table  1 Supraventricular  arrhythmia  types  and  contemporary  relative  incidence  in the  main  forms  of  adult congenital
heart  disease.

Type  of ACHD  IART  AP  AF  Atypical  AVNRT

ASD +++  ++  + (primum  ostium)
VSD  +
AVCD  ++  +  +
Congenital  aortic  stenosis  and  coarctation  ++
TOF ++  +
dTGA  and  atrial  switch +++  +
Ebstein’s  anomaly ++  +++
ccTGA  +  (++  with  double  switch) ++  +  +
Fontan  surgery  with  atriopulmonary  connection  ++++  +  +
TCPC  ++  +

ACHD: adult congenital heart disease; AF: atrial fibrillation; AP: accessory pathway; ASD: atrial septal defect; atypical AVNRT: atypical
atrioventricular nodal reentrant tachycardia with variant location or twin atrioventricular node; AVCD: atrioventricular canal defect;
ccTGA: congenitally corrected transposition of  the great arteries; dTGA: d-transposition of the great arteries; IART: intra-atrial reentrant
tachycardia; TCPC: total cavopulmonary connection; TOF: tetralogy of  Fallot; VSD: ventricular septal defect.

fibrillation  (AF)  increases  with  age and  CHD  complexity
[6].

The  treatment  of  SVAs in ACHD  remains  challenging,  and
clinical  experience  indicates  that  pharmacological  treat-
ment  is  of  limited  efficacy.  Studies  objectively  evaluating
the  efficacy  of  medical  treatment  in  this  setting  are still
scarce.  Flecainide  is  associated  with  a  risk  of  proarrhythmia
in  patients  with  cardiomyopathy  [7],  and  its  safety  —  with
potential  unstable  haemodynamics,  as  in the  majority  of
complex  CHDs  — is  questionable.  Amiodarone  has  many  long-
term  systemic  effects  [8], and  is  therefore  undesirable  in
young  patients  with  ACHD.  Moreover,  rhythm  control  effi-
cacy  seems  lower  in ACHD  [9]. Considering  the  above  facts,
percutaneous  catheter  ablation  holds  great  promise  with
regards  to  definitive  and potentially  curative  treatment.
Nevertheless,  the challenging  anatomy,  further  compounded
by  previous  surgery,  often  leads  to  a  need  for  complex  proce-
dures  that  must  be  handled  by  multidisciplinary  experienced
teams.

General consideration of percutaneous
ablation of arrhythmias in CHD

Since  the early  1990s,  percutaneous  catheter  ablation  of
arrhythmias  in ACHD  has  expanded  with  improvements
in  knowledge  and technology,  leading  to  better  efficacy.
Three-dimensional  mapping  systems  allow  volume  recon-
struction  with  real-time  navigation  of  the  ablation  catheter
in  three-dimensional  spaces,  and  are of  particular  inter-
est  in those  patients  with  complex  anatomy.  Anatomical
landmarks  such  as  the atrioventricular  groove  and  venous
connexions  can  be  precisely  located  and marked.  The  posi-
tion  of  the  conduction  network,  frequently  displaced  in CHD
[10], can be  tagged  to  avoid  damage  during  ablation.  Volt-
age  maps  allow  delineation  of  areas  of  scars  that  can be
the  substrate  of  arrhythmias.  Activation  maps can  show
the  arrhythmia  circuit  and  help  to  find  the ablation  tar-
get.  Remote  magnetic  navigation  may  be  helpful  to  increase

catheter  manoeuvrability  and  stability,  and to  decrease
fluoroscopic  time  in patients  with  limited  access  and  map-
ping  difficulty  [11,12].  The  quality  of ablation  lesions  can
be  improved  by  the use  of  irrigated  catheters  [13]  and
contact  force  monitoring  [14].  Cryoablation  can  also  be  of
value  to  increase  the safety  of  the ablation  when  working
close  to  the atrioventricular  node  or  coronary  arteries  [15].
Interventional  techniques  have emerged  to allow  access
to  the critical  substrate  with  transbaffle  punctures  [16],
transconduit  punctures  [17],  transhepatic  venous  access
[18]  or  transthoracic  access  [19].  Transseptal  access  after
septal  closure  devices  can  also  be performed  [20].  Three-
dimensional  transoesophageal  echocardiographic  guidance
may  be  useful for  punctures.  Surgical  ablation  also  has  its
role,  mostly  performed  concomitantly  with  other  surgery
to  improve  haemodynamics  [21].  Case-by-case  multidisci-
plinary  input  is  required  to  choose  the best option  in CHD
patients.

Ablation of atrioventricular tachycardia

Atrioventricular  tachycardias  include  atrioventricular  reen-
trant  tachycardia,  related  to  an accessory  pathway  (AP),
as  well  as  atrioventricular  nodal  reentrant  tachycardia
with  single  or  twin  atrioventricular  nodes.  It appears  that
despite  the  difficulties  of  unusual  anatomical  landmarks
and  abnormally  positioned  conduction  systems,  most  APs
and  slow  pathways  in  ACHD  can  be safely  and  effec-
tively  ablated.  Catheter  ablation  is  therefore  generally
preferred  over  long-term  antiarrhythmic  drug  therapy.
A recently  published  consensus  document  [22] has  rec-
ommended  catheter  ablation  for  recurrent  symptomatic
and/or  drug-refractory  supraventricular  tachycardia  related
to  accessory  atrioventricular  connections  or  twin  atrio-
ventricular  nodes in  symptomatic  ACHD,  for  ventricular
preexcitation  and  high-risk  or  multiple  APs,  as  commonly
encountered  in Ebstein’s  anomaly,  and/or  drug-refractory
atrioventricular  nodal  reentrant  tachycardia  (Table  2).
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Table  2 Proposed  indications  for  percutaneous  ablation  of  supraventricular  tachycardias  in  adult  congenital  heart
disease.

1.  Preoperative  electrophysiological  testing/ablation  of  AP  or  double atrioventricular  node,  where  vascular  or  cardiac
chamber  access  is  restricted  after  surgery

2.  Systematic  electrophysiological  testing  of  manifest  AP  associated  with  ACHD  and  ablation  in  first-line  therapy  in  cases
of  multiple  APs  and/or  short  refractory  period;  ablation  can  be proposed  in  cases of  inducible  supraventricular
tachycardia  alone  and  easy  access  to  the pathway

3.  Atrioventricular  reentrant  tachycardias  with  AP,  intranodal  mechanism  or  twin  atrioventricular  node  with
haemodynamic  compromise  in first-line  therapy

4.  Recurrent  symptomatic  atrioventricular  tachycardia  with  AP,  intranodal  mechanism  or  twin  atrioventricular  node  with
easy  access  to  dedicated  cardiac  chamber  in first-line  therapy  or  after  failure  of  medical  therapy  in  complex  anatomy
or  limited  vascular  access

5.  Recurrent  symptomatic  IART in first-line  therapy;  discussion  of  first-line  medical  therapy  (rhythm  or  rate  control)  in
complex  anatomy/difficult  access  to cardiac  chamber

6.  In  AF  refractory  to  medical  treatment,  pulmonary  venous  antrum  electrical  isolation  is  recommended  in selected  cases
after  discussion  of  rhythm  versus  rate  control

7.  Ablation  of  atrioventricular  junction  with  permanent  pacemaker  implantation  in  selected  cases  with  supraventricular
permanent  arrhythmias  associated  with  symptoms  of  heart  failure  and  insufficient  rate  control

ACHD: adult congenital heart disease; AF: atrial fibrillation; AP: accessory pathway; IART: intra-atrial reentrant tachycardia.

Atrioventricular reentrant  tachycardia

Whereas  catheter  ablation  of atrioventricular  reentrant
tachycardia  is  feasible  in  most  patients  with  CHD,  short-
and  long-term  success  rates  are lower  than  similar  proce-
dures  performed  in patients  with  normal  cardiac  anatomy.
The  acute  success  rate  is  about  80—85%,  and  the recur-
rence  risk  is  as  high  as  15—20%  [23]. Complication  rates
remain  reasonable  (5%),  although  they  are estimated  to  be
approximately  twofold  higher  compared  with  non-CHD  pro-
cedures.  It is  generally  agreed  that attempts  should  be made
to  ablate  such pathways  ahead  of  any surgical  correction,
as  catheter  access  to  an area of interest  may  become  dif-
ficult  following  repair,  and  intraoperative  AP  interruption
during  subsequent  surgery  may  be  offered  as  a  second-line
option  in case  of  failure.  APs  are associated  with  a variety
of  CHDs  (Table  1), most  frequently  with  Ebstein’s  anomaly
and  congenitally  corrected  transposition  of the great  arter-
ies.  Acquired  APs  can  also  be  encountered  exceptionally
in  patients  with  modified  Fontan  surgery  (Bjork’s  surgery)
with  atriopulmonary  connection  for  tricuspid  atresia  [24].
The  electrophysiology  of  the  APs  in  patients  with  CHD  is
not  unique. However,  the physiological  and  clinical  implica-
tions  of  the  tachycardia  may  be  markedly  different  in these
patients.  Abnormal  anatomy  and  atypical  conduction  sys-
tems  may  also  enhance  the difficulty  and  risks  of  catheter
ablation.  In addition,  electrocardiogram  localization  algo-
rithms  may  be  misleading,  and  should  be  interpreted  with
caution  in CHD  [25].  Although  Ebstein’s  anomaly  accounts
for  < 1%  of all  CHDs,  the prevalence  of  APs  in patients  with
this  anomaly  is  much  higher  than in other  CHDs  [26].  Approx-
imately  25%  of  patients  with  Ebstein’s  anomaly  have an
AP  (mostly  manifest  AP),  and  they  are prone  to  having
multiple  APs  (up  to  50%  of  cases).  A right  bundle  branch
block  pattern  is  typically  present  because  of  posteroseptal
conduction  delay,  and  its  absence  should  raise  suspicion  of
the  presence  of an AP.  The  localization  of  APs  (usually  right-
sided  and located  along  the posterior  part of  the  dysplastic

portion  of the tricuspid  annulus)  is  often  difficult  because
of  a massively  enlarged  right  heart,  the expanded  tricus-
pid  annulus  region  caused  by  displacement  of  the tricuspid
valve  and  distortion  of anatomical  landmarks,  all of  which
can  make  catheter  stability  difficult  [27].  Overall,  catheter
ablation  is  particularly  challenging,  and  has an  estimated
success  rate  of  about  75%  in experienced  centres.  Special
long  sheaths  are often  required,  and different  techniques
can  be used  to  visualize  the true atrioventricular  groove,
including  selective  angiography  or  intracoronary  mapping  of
the  right  coronary  artery.  The  use  of three-dimensional  nav-
igational  tools  or  intracardiac  echocardiographic  guidance
may  be  helpful  in these  cases.  In Ebstein’s  anomaly,  catheter
ablation  carries  an increased  risk  of  coronary  injury  because
of  the thin  atrialized  portion  of  the  right  ventricle  adjacent
to  the  atrioventricular  groove.  The  use  of  cryoenergy  may
lower  this risk,  and  has advantages  for  catheter  stability
because  of the  cryoadherence  of  the ablation  catheter  tip.

APs  are found in  2—5%  of patients  with  congenitally  cor-
rected  transposition  of the great  arteries,  and  are  typically
located  along  the left-sided  atrioventricular  valve  annulus,
which  is  the anatomical  tricuspid  valve.  During  the proce-
dure,  the  coronary  sinus  serves  as  an important  anatomical
landmark  for  the orientation  of  the tricuspid  valve.

Atrioventricular nodal reentrant  tachycardia

The  variations  in  anatomical  locations  as  well  as  the  pos-
sibility  of  ‘‘twin’’  atrioventricular  nodes represent  unique
aspects  of atrioventricular  nodal  reentrant  tachycardia  in
ACHD.  Indeed,  patients  with  CHD  have  less  predictable
atrioventricular  node  locations  [10].  In  patients  with  atrio-
ventricular  canal  defects,  for  instance,  the node  develops
outside  the triangle  of  Koch  in  a  region  inferior  to the mouth
of  the coronary  sinus,  whereas  in those  with  congenitally
corrected  transposition  of  the great  arteries,  the  atrioven-
tricular  node  is  usually  displaced  to  a superior  location
medial  to  the  right  atrial  appendage.  The  atrioventricular
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Figure 1. Three-dimensional navigation system reconstruction of the triangle of  Koch after Mustard surgery for d-transposition of the great
arteries. A. Posterior view showing the relationship between new atrial cavities and vessels. B. Location of  the triangle of  Koch with sinus
ostium positioned in the left side of the atrial baffle, needing left approach for atrioventricular nodal tachycardia ablation. CSO: coronary
sinus ostium; H: His bundle location; LAp: left atrial appendage; LV: left ventricle; PVA: pulmonary venous atrium; RV: right ventricle; SVA:
systemic venous atrium; SVC: superior vena cava.

Figure 2. Twin atrioventricular node location with three-dimensional navigation system in a patient with congenitally corrected transpo-
sition of  the great arteries, large ventricular septal defect and pulmonary stenosis. Ventricular activation by each node produces a different
ventricular electrocardiogram pattern of activation. CS: coronary sinus; LA: left atrium; RA: right atrium; SVC: superior vena cava.

node  may  also  be  left-sided  in some  patients  with  dextrocar-
dia  or  heterotaxy  syndrome.  Even  if  the node  is  not  actually
displaced,  the landmarks  for  the triangle  of Koch  will  be
distorted  in conditions  such  as tricuspid  atresia,  Ebstein’s
anomaly  or  abnormalities  of  the  coronary  sinus.  Further-
more,  surgical  patching  can  complicate  catheter  positioning
near  the  nodal  extensions  after the Mustard  or  Senning  oper-
ation  for  d-transposition  of  the great  arteries  (Fig.  1) or  after
the  Fontan  operation  for  single  ventricle  [28].  Careful  atten-
tion  must  be  given  to locating  the  normal  conduction  system,
which  cannot  be  mapped  precisely  in up  to  10%  of single
ventricles,  and therefore  precludes  radiofrequency  abla-
tion.  Atrioventricular  reciprocating  tachycardia  mediated
by  twin  atrioventricular  nodes  can  be  a source  of  recurrent
supraventricular  tachycardia  in complex  CHD (especially  in
congenitally  corrected  transposition  of  the  great  arteries,
atrioventricular  canal  defect  and right  isomerisms)  [29].  It

consists  of  an anterior  atrioventricular  node  and  His  bun-
dle  at the  right  atrial-mitral  annulus  junction,  and  a second
posterior  atrioventricular  node  and  His  bundle  close  to  the
remnant  of  the inferior  interatrial  septum,  sometimes  in
the  left-sided  atria  (Fig.  2).  The  diagnosis  can  be  suspected
from  a surface  electrocardiogram  if  spontaneous  alterna-
tions  of superior  and  inferior  QRS-axis  are  noted  in the
basic  rhythm.  During  the  electrophysiological  study,  pacing
from  different  atrial  sites,  programmed  ventricular  stim-
ulation  during  atrioventricular  reentrant  tachycardia  and
careful  mapping  of  the entire  atrioventricular  groove  can  be
used  to  objectively  identify  two  distinct  and separate  areas
with  His  bundle  signals.  The  atrioventricular  nodal  system
with  reduced  conduction  capacity  typically  serves  as  the
retrograde  limb  of the interatrioventricular  nodal  reentry
tachycardia,  and  is  targeted  in most  cases.  Clearly,  an  exten-
sive understanding  of  the anatomy  and electrophysiology
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should  be  obtained  in such patients  before  proceeding  to
ablation.  Furthermore,  a lack  of clarity  in  defining  the
anatomy  of atrioventricular  conduction  in these patients
suggests  that  the ablation  should  first  be  undertaken  using
cryotherapy,  which  can  facilitate  cryomapping  before  the
definitive  ablation  to  avoid  any  damage  to the  conducting
system  in cases  of  inappropriate  location  of  the ablation
catheter.  Radiofrequency  energy  can  be  used  in cases  of
unsuccessful  cryoablation  or  after  a  recurrence.  The  one
caveat  to this recommendation  is  that  low-power  radiofre-
quency  application  may  be  helpful  in  identifying  the  location
of  the  anterior  and  posterior  atrioventricular  nodes  through
the  occurrence  of  accelerated  junctional  rhythm.

Ablation of atrial tachycardia

Atrial  tachycardias  include  IART,  focal  atrial  tachycardia
and  AF.  Specific  management  strategies  are  recommended
in  ACHD  [22].  Anticoagulation  indications  are  broader  than
those  advised  for  the general  population,  and  are  recom-
mended  not  only for  patients  with  a CHA2DS2-VASc  (Cardiac
failure,  Hypertension,  Age ≥  75  [Doubled],  Diabetes,  Stroke
[Doubled]—Vascular  disease,  Age  65—74  and Sex  category
[Female])  score  ≥  2,  but  also  for  moderate  to  complex  CHD
or  significant  valve  disease  in  simple  CHD. For  rhythm
control,  based  on  the low  success  of  medical  treatment,
percutaneous  ablation  should be  considered  early  in the
course  (Table  2). In cases of  ablation  failure,  poor  toler-
ance  or  difficulties  with  rate  control,  atrioventricular  node
ablation  should  be  discussed  for  management  of  permanent
atrial  tachycardias.  A case-by-case  discussion  is  mandatory
in  this  setting,  considering  the difficulties  of  permanent
pacemaker  implantation  in ACHD, with  restricted  access
to  cardiac  chambers,  residual  shunts  and  risks of surgical
approach.

IART

IART  generally  represents  the major indication  for  arrhyth-
mia  ablation  in CHD.  Although  most  studies  on  ablation
of  IART  in CHD  are single  centre,  with  a limited  num-
ber  of patients,  and  spread  across  a  large  spectrum  of
CHD  conditions,  nevertheless,  some  important  data  can
be  gleaned.  Larger  and  more  recent  series  in  this  regard
are  reported  in Table  3 [30—43].  Overall,  the acute  suc-
cess  rate  is  good  (76—96%),  being  higher  for  cavotricuspid
isthmus-dependent  tachycardia  than  other  forms  of  IART.
The  definition  of  success  varies  between  series  from  only
interruption  of  tachycardia  to  non-inducibility.  In fact,  the
validation  of  electrical  block  in the isthmus  of  the tachycar-
dia  is  an  important  goal,  associated  with  lower  recurrences
[44].  Targeting  all  inducible  tachycardias  is  more  difficult,
but  is  associated  with  better  long-term  outcomes.  Suc-
cess  rates  increase  with  the  use  of  improved  technologies,
including  irrigated  radiofrequency  catheters  and  the utiliza-
tion  of three-dimensional  mapping/reconstruction,  which
are  currently  the gold  standard  approaches.  The  success
rate  is  also  associated  with  the  type  of  CHD.  Simple  CHDs
(atrial  and ventricular  septal  defect,  tetralogy  of  Fallot)
with  no  cardiac  chamber  access  problems  have  the high-
est  acute  success  rate  (close  to  90%).  Most  arrhythmia

circuits  are localized  in  the right  atrium.  Often,  multiple
IART  circuits  are seen  in the  same  patient,  with  a  high
prevalence  of  cavotricuspid  isthmus-dependent  macroreen-
try.  Scar-related  IART  is  more  frequently  located  around  the
right  atriotomy,  less  frequently  around  cannulation  scars  and
rarely  around  septal  patches/sutures.  Recurrences  occur
in  20—30%  of  these  patients  at mid-term  follow-up.  These
results  are  inferior  to  regular  ablation  in a  structurally
normal  heart  with  common  atrial  flutter,  where  an  acute  suc-
cess  rate  of  about  98%  and  recurrence  rate  of  about  10%  are
commonly  observed  [45].  However,  they  are similar  to  the
success  encountered  in complex  ablation  procedures  in the
structurally  normal heart,  such  as  paroxysmal  AF  ablation,
with  a mean  long-term  success  rate  of around  50%  after  a
single  procedure  [46].  Complex  CHD surgeries  (atrial  switch
with  Mustard  or  Senning  procedure,  Fontan  surgery  and  total
cavopulmonary  connection  with  lateral  tunnel  for  univen-
tricular  hearts),  frequently  associated  with  difficult  access
to  the cardiac  chamber  of  interest,  have  the  lowest  success
rates,  varying  between  40%  and  83%  in  the latest  series.
Large  scarring  in atrial  switch  and Fontan  surgery  with
atriopulmonary  anastomosis  are associated  with  a higher
incidence  of IART and a higher  number  of  circuits  in the
same  patient  (Fig.  3).  In  the case  of  Fontan  surgery  with
atriopulmonary  connection,  the  pressure  overload  of the
right  atrium  is  associated  with  a thick  and  much  enlarged
myocardium  that  complicates  the delivery  of  the  transmural
radiofrequency  lesion  necessary  to  interrupt  the tachycar-
dia  isthmus.  Recurrences  are also  more  frequent  (up  to  54%)
at  mid-term  follow-up.  Different  techniques  using  trans-
baffle/conduit  punctures  are frequently  necessary.  Remote
magnetic  navigation  can  help  the  arrhythmia  substrate  to
be  reached  in these  cases.  Acute  complication  rates  asso-
ciated  with  such an intervention  are low in experienced
hands  (between  0%  and  17%;  possibly  under  reported),  but
are  potentially  life-threatening.  These  event  rates  are  sim-
ilar  to  those  observed  in other  complex  ablations,  such
as  ventricular  tachycardia  ablation  in  structural  heart  dis-
ease  [47,48].  Classically,  the most  frequent  complications
are  groin haematoma  and local  bleeding.  Thromboembolic
events  can  occur,  and  require  close  monitoring  of  anticoagu-
lation  before,  during  and after  the procedure.  Rare  cardiac
perforations  have  been  described,  with  pericardocentesis
and two  cases of  surgical  repair.  Atrioventricular  node  or  His
bundle  damage  can  lead  to  pacemaker  implantation,  which
can  be rendered  challenging  because  of  complex  anatomy.
A  particular  complication  in these patients  is  worsening
cyanosis,  particularly  after  transbaffle/conduit  puncture;
it  can  require  specific  management,  and  a  close  follow-up
seems  to  be recommended  in these cases.  Rarely,  injury
to  pacemaker  leads  can occur,  requiring  replacement.  Rare
acute  kidney  injury  and  low cardiac  output  require  tran-
sient  haemodynamic  support  and  dialysis.  No  periprocedural
death  has been  reported  so far,  but  some  arrhythmias  with
haemodynamic  compromise  require  direct-current  shocks,
highlighting  the need  for  close  haemodynamic  monitor-
ing  during  such  a  procedure.  Despite  recurrences,  a large
number  of  patients  remain  in sinus  rhythm,  with  clinical
improvement,  assessed  in some  studies  by  clinical  scoring
[42].  New  IARTs  can  occur  during  follow-up.  Repeated  pro-
cedures  are  associated  with  fewer  mid-term  recurrences,
and  should  be proposed  in selected  symptomatic  cases.
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Table  3  Main  studies  of  percutaneous  ablation  of  intra-atrial  reentrant  tachycardias  in adults  with  congenital  heart  disease.

First  author  (date)  Patients  (n)  Type  of  CHD  Age (years)  Type  of
tachycardia
(n)

Technique  Endpoint  Acute
success  (%)

Number  (%)
of
complications

Follow-up
(months)

Recurrences
(%)

Hebe  (2000)  69  ASD,  VSD,
AVCD,
Ebstein,  TOF,
ASw,  Fontan,
others

29.4  ±  18.6  IART  (80),
CTI  (25),  AT
(8)

3D,  RF  Stop
tachycardia

75  None  21  11

Triedman  (2002)  134  TOF,  VSD,
ASD,  Ebstein,
Fontan,
TCPC,  ASw,
others

25.3  ±  12.2  IART  IRF  (39),  3D
(69)

Stop
tachycardia

79  22  (16) 25  43

Blaufox  (2002)  31  (8  CHD) Fontan,  ASw,
others

18  ±  3 IART  (14),
CTI  (8)

3D,  IRF  and
RF

IART  non-
inducibility

96  NP  0  NP

Kannankeril  (2003)  47  Fontan,  TOF,
ASD,  Ebstein,
ASw,  others

28  ±  13  IART  BC  (7),  RF  IART  non-
inducibility

93  None  38  34  (IART),
19 (others)

Tanner  (2004)  36  ASD,  TOF,
Fontan,  ASw

46  (9—67)  IART  (14),
CTI  (34),
others  (4)

3D,  IRF  IART  non-
inducibility

94  1 (2.6)  17  8  (25%  AAD)

Lukac  (2005)  83  ASD,  TOF,
ASw,  Fontan

47  (9—73)  IART  (30),
CTI  (66),
others  (17)

3D,  RF  and
IRF

AT  non-
inducibility

88  None  27  24  (31%
AAD)

Seiler  (2007)  40  ASD,  AVCD,
VSD,  TOF,
ASw,  others

52  ±  12  IART  (40),
CTI  (8)

3D,  IRF  IART  non-
inducibility

88  NP  17  3  (42
others)

Yap  (2010)  118  ASD,  VSD,
Fontan,  TOF,
ASw, VSD,
others

40  ±  13  IART  3D,  RF  or
IRF

IART  non-
inducibility

69  13  (7)  44  48

De  Groot  (2010)  53  ASD,  Fontan,
TOF,  VSD,
Ebstein,  ASw,
others

38  ±  15  IART  (22),
CTI  (27),  AT
(5)

3D,  RF  or
IRF

IART
termination,
CTI isthmus
block

65  NP  60  56
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Table  3 (Continued)

First  author  (date) Patients  (n) Type  of  CHD Age  (years)  Type  of
tachycardia
(n)

Technique  Endpoint  Acute
success  (%)

Number  (%)
of
complications

Follow-up
(months)

Recurrences
(%)

Drago  (2011) 31  ASD, VSD,
ASw,  Fontan,
others

26  ±  17 IART  (20),
CTI  (5),  AT
(9)

3D,  RF  and
IRF

Non-
inducibility
of  organized
tachycardia
with
isoproterenol

87 None  12  0

Mah  (2011) 58  TOF,  DORV 35  (1.8—57) IART  (38),
CTI  (47),  AT
(16)

3D, RF  and
IRF

IART
termination

96  NP  36  34

Akca  (2012) 36  A TOF,  ASD,
VSD,  AVSD,
ASw,  Fontan,
Ebstein,
others

35  ±  19 IART  (31),
AT (25)

3D,  IRF,
RMN

Non-
inducibility

86 3  (8) 26 39

Ueda  (2013) 116  ASD, Ebstein,
ASw,  TOF,
VSD,  TCPC,
Fontan,
others

40  ±  15 IART  (87),
CTI  (47),  AT
(43), others
(51)

3D,  IRF,
RMN

No inducible
atrial
arrhythmia

86.4 2  (1.3)  20  20.2

Correa  (2013)  90  Fontan,
TCPC, ASw

26.4
(1.6—55)

IART  (78),
AT (22),
others  (64)

NP  NP  81  10  (8.5)  12  27

Correa  (2015)  52  TCPC  18.4  ±  11.8  IART  (25),
AT (8),
others  (26)

3D,  RF,  IRF
or cryo

Non-
inducibility

76  4  (7.7)  18.2  50

Anguera  (2015)  111  ASD, TOF,
Ebstein,  VSD,
ASw,  others

47  ±  15  CTI  (63),
IART  (50)

3D (70),  RF
(45),  IRF
(37)

Isthmus
block

88  6  (5.4)  57  41

Moore  (2016)  36  TCPC  23  ±  7 IART  (21),
AT (7),
others  (6)

3D,  RF  and
IRF

IART  non-
inducibility

83  8  (17) 4.8  17

3D: three-dimensional mapping system; AAD: antiarrhythmic drug; ASD: atrial septal defect; AT: focal atrial tachycardia; ASw: atrial switch; AVCD: atrioventricular canal defect; BC:
basket catheter; CHD: congenital heart disease; CTI: cavotricuspid isthmus-dependent; DORV: double outlet right ventricle; IART: intra-atrial reentrant tachycardia; IRF: irrigated
radiofrequency; NP: data not provided; RF: conventional radiofrequency; RMN: remote magnetic navigation; TCPC: total cavopulmonary connection; TOF: tetralogy of Fallot; VSD:
ventricular septal defect.
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Figure 3. Catheter ablation of intra-atrial reentrant tachycardias after Fontan surgery with atriopulmonary connexion for tricuspid atresia.
A. Three-dimensional reconstruction with voltage colour-coded map (scar area in grey, normal voltage area in purple). Ablation spots are
noted with red dots with three isthmuses for intra-atrial reentrant tachycardia: 1 = cavotricuspid isthmus; 2  = cannulation scar with short
isthmus; 3 = isthmus around the atriopulmonary connection. B. Corresponding 12-lead electrocardiogram for each tachycardia related to
the three isthmuses. IVC: inferior vena cava; PA: pulmonary artery; RA: right atrium; SVC: superior vena cava.

Focal atrial  tachycardia

Focal  atrial  tachycardia  is  generally  defined  as  an electri-
cal  activation  originating  from  a small,  circumscribed  region
from  which  it expands  centrifugally  to  the rest  of  the atria.
In  this case,  there  is  no wavefront  circulating  around  an
anatomical  obstacle  or  a localized  atrial  scar. The  identi-
fication  of  the  definite  ‘‘focal’’  nature  of  the tachycardia
is  therefore  conditioned  by  the  spatial  resolution  of the
mapping  tool, and  the  distinction  from  a  small,  localized
reentry  can be  sometimes  challenging  [49].  To  date,  there
has  been a  limited  number  of  case  series  describing  the  pre-
cise  mechanisms  of atrial  tachycardia  in patients  with  CHD.
However,  in the largest  and  most  recently  published  case
series  (Table  2),  the  prevalence  of  focal atrial  tachycardia
among  the other  mechanisms  (mainly  IART)  appears  to be
relatively  low  (between  10%  and  20%),  and  is  reported  in
almost  all the different  types  of  CHD.  The  origin  of  focal
atrial  tachycardia  is  classically  described  from  sites  near  sur-
gical  sutures  [34,50,51].  de  Groot  et al. [49]  reported  focal
atrial  tachycardia  also  localized  in  areas  remote  from  any
suture  line.  In  these  cases,  the presence  of  low-amplitude
fractioned  potentials  and  continuous  electrical  activity  at
sites  of  earliest  activation  was  usually  recorded  in  atrial
tachycardia,  and abnormal  electrograms  in  sinus  rhythm,
suggesting  the presence  of  structural  abnormalities  at sites
of  focal atrial  tachycardia  origin,  were  also  seen. However,
most  of  these  studies  were  not  performed  with  high-density
mapping  catheters,  and  it would  be  interesting  to  revisit  the
focal  nature  of  atrial  tachycardia  in CHD  with  higher  spa-
tial  resolution.  If  accurate  mapping  can  be performed,  and
a  clear  diagnosis  of focal  mechanism  demonstrated,  then
radiofrequency  ablation  is  usually  highly  effective,  given  the
small  lesion  size  required,  with  an  acute  success  rate  of

usually  more  than  80%  (Table  2).  There  is  a reported  rel-
atively  high  rate  of  long-term  SVA  recurrence  (59%),  but
recurrence  of  the  originally  ablated  focal  atrial  tachycar-
dia  remains  scarce  [34]. Recurrences  are  mostly  caused  by
a  new  focus  or  IART  originating  from  a different  location
compared  with  the  first ablation  procedure.

AF ablation

AF  prevalence  in ACHD  is  reported  to  be between  25%  and
30%  [6,52]. Patients  with  CHD  develop  AF  at a younger  age,
with  a rapid  progression  from  paroxysmal  AF to  persistent
AF.  AF  is  more  prevalent  in patients  with  residual  left-
sided  obstructive  lesions  or  unrepaired  CHD,  and  in patients
with  a history  of  IART.  The  relatively  low  prevalence  of  AF
in adult  patients  with  CHD  relates  to  the fact that  most
haemodynamic  abnormalities  and  sites  of  surgical  scarring
tend  to  involve  right  heart  structures.  The  CHDs  commonly
associated  with  early  AF include  aortic  stenosis,  mitral  valve
disease  and unrepaired  single  ventricle  [52]. Atrial  septal
defect  represents  an  important  population  of  ACHD  with
AF  because  of  the high  number  of patients  undergoing  late
surgery  at an advanced  age  with  significant  left atrial  remod-
elling  [6].  Whereas  in non-CHD  patients,  pulmonary  veins  are
the  cornerstone  of  the  AF  mechanism,  the substrate  of  AF  in
ACHD  is  slightly  different.  Specific  haemodynamic  conditions
associated  with  ACHD  can  influence  AF  development,  with
the possibility  of  right  and  left  atrial  sources  [53].  Upstream
therapy,  including  treatment  of  recurrent  IART  with  catheter
ablation,  and  appropriate  medical  and  surgical  management
of  the  underlying  CHD, is  probably  important  to  prevent  AF
[6].  Cardioversion  with  a  prophylactic  antiarrhythmic  drug
remains  the  first-line  treatment  to  prevent  establishment
of  permanent  AF,  which  is  usually  poorly  tolerated.  In  these
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Figure 4. Catheter ablation of atrial fibrillation in patient with d-transposition of the great arteries and Senning surgery. Conversion to
sinus rhythm during ablation at  a fragmented site, near a surgical suture line. A. Cranial view of  the posterosuperior baffle suture line and
ablation site with three-dimensional system reconstruction. B. Electrograms and electrocardiogram during ablation showing organization
then conversion to sinus rhythm. PLV: subpulmonary left ventricle; PVA: pulmonary venous atrium; SRV: systemic right ventricle; SVC:
superior vena cava.

patients,  it  is  important  to  identify  AF,  as  it may  impact
surgical  management.

Surgical  treatment  of  AF  using  the  Cox-type  Maze  pro-
cedure  should  be  considered  if a  patient  requires  surgery
related  to  haemodynamic  management  of  the  CHD  [21]. This
is  especially  true  in patients  with  Fontan  procedure,  where
occurrence  of AF  may  prompt  consideration  of  a  Fontan
conversion  (total  cavopulmonary  connection)  associated
with  a Cox-type  Maze  procedure.  Percutaneous  catheter
ablation  of  symptomatic  AF should also  be  seriously  consid-
ered  before  percutaneous  closure  of  atrial  septal  defect  in
adults,  considering  the  difficulties  of  left  atrial  access  after
septal  closure  [20].  In  other  situations,  when  AF  is  poorly
tolerated,  and  conservative  management  (antiarrhythmic
drug  and  cardioversion)  is  either  ineffective  or  not  toler-
ated,  catheter  ablation  represents  an alternative  approach
(Table  2). Case  reports  have  demonstrated  its  feasibility  and
potential  efficacy  (Fig.  4)  [54,55], but  further  studies  are
needed  to  define  the role  and target  of  catheter  ablation  in
the  setting  of  rhythm  control  for  AF  and  complex  CHD.

Conclusions

The  SVA  burden  in  ACHD  is  increasing  dramatically,  and  has
been  associated  with  an increase  in morbidity  and/or  mor-
tality;  it represents  a turning  point in the evolution  of  these
patients.  Pharmacological  treatment  has  demonstrated

relatively  low  efficacy  with  limited  tolerance  in this  setting.
With  improvements  in  knowledge  of  arrhythmia  mechanisms
and  interventional  tools,  percutaneous  catheter  ablation
has  become  an  important  and  established  treatment  for
these  patients.  The  efficacy  is  good, with  a low  rate  of
adverse  events,  and  progressive  improvements  noted  over
time.  Recent  guidelines  emphasize  the role  of SVA  ablation
in  ACHD  [22].  The  main  proposed  indications  are  outlined
in  Table 2.  A global  approach  to  the patient  with  CHD  is
mandatory,  with  dedicated  teams  comprising  surgeons,  car-
diologists  and  electrophysiologists  with  specific  training  and
knowledge  of  CHD,  to  choose the best  option,  increase  suc-
cess  rates  and  reduce  complications.  Newer  techniques  and
tools  for  these particular  procedures  with  appropriate  expe-
rience  in using  them  are necessary.  Important  knowledge
gaps  remain,  with  large  registries  providing  data  about  the
impact  on  quality  of life,  morbidity  and  mortality  still  lack-
ing.  Refinement  of  surgical  techniques,  with  limitation  of
atrial  scars,  lowers  the  incidence  of scar-related  tachycar-
dias  (especially  atrial  switch  for  d-transposition  of  the great
arteries  and  total  cavopulmonary  connection),  but  more
progress  is  still  needed  in this area.  Early  percutaneous
closure  of  intracardiac  shunts  without  surgery  wherever  pos-
sible  (notably  atrial  septal  defect  closure)  is  expected  to
decrease  the  long-term  SVA  burden.  The  future  challenge  in
these  patients  is  the emergence  of AF  with  increasing  inci-
dence  associated  with  ageing,  and  the limited  experience
with  these specific  substrates.
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