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Non-invasive  prediction  of  catheter  ablation
outcome  in  persistent  atrial  fibrillation  by
fibrillatory  wave  amplitude  computation  in
multiple  electrocardiogram  leads
Prédiction  non  invasive  du  suivi  au  décours  d’une  ablation  par  cathéter  d’une
fibrillation  atriale  persistante  par  l’analyse  informatisée  de  l’amplitude  des
ondes  de  fibrillation  atriale  sur  un  tracé  ECG  à  multiples  dérivations
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Summary
Background.  —  Catheter  ablation  (CA)  of  persistent  atrial  fibrillation  (AF)  is  challenging,  and
reported  results  are  capable  of  improvement.  A  better  patient  selection  for  the  procedure
could enhance  its  success  rate  while  avoiding  the  risks  associated  with  ablation,  especially
Fibrillatory  wave
amplitude;
Therapy  outcome
prediction

for patients  with  low  odds  of  favorable  outcome.  CA  outcome  can  be  predicted  non-invasively
by atrial  fibrillatory  wave  (f-wave)  amplitude,  but  previous  works  focused  mostly  on  manual
measures  in  single  electrocardiogram  (ECG)  leads  only.
Aim. —  To  assess  the  long-term  prediction  ability  of  f-wave  amplitude  when  computed  in  mul-
tiple ECG  leads.

Abbreviations: AF, atrial fibrillation; AUC, area under the receiver operating characteristic curve; CA, catheter ablation; CFAE, complex
fractionated atrial electrogram; ECG, electrocardiogram; EGM, electrogram; LA, left atrium; LR, logistic regression; PV, pulmonary vein;
ROC, receiver operating characteristic.
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Methods.  —  Sixty-two  patients  with  persistent  AF  (52  men;  mean  age  61.5  ±  10.4  years)  referred
for CA  were  enrolled.  A  standard  1-minute  12-lead  ECG  was  acquired  before  the  ablation
procedure  for  each  patient.  F-wave  amplitudes  in  different  ECG  leads  were  computed  by  a
non-invasive  signal  processing  algorithm,  and  combined  into  a  mutivariate  prediction  model
based on  logistic  regression.
Results.  —  During  an  average  follow-up  of  13.9  ±  8.3  months,  47  patients  had  no  AF  recurrence
after ablation.  A  lead  selection  approach  relying  on  the  Wald  index  pointed  to  I,  V1,  V2  and  V5
as the  most  relevant  ECG  leads  to  predict  jointly  CA  outcome  using  f-wave  amplitudes,  reaching
an area  under  the  curve  of  0.854,  and  improving  on  single-lead  amplitude-based  predictors.
Conclusion.  —  Analysing  the  f-wave  amplitude  in  several  ECG  leads  simultaneously  can  signi-
ficantly improve  CA  long-term  outcome  prediction  in  persistent  AF  compared  with  predictors
based on  single-lead  measures.
©  2016  Elsevier  Masson  SAS.  All  rights  reserved.
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Résumé
Contexte.  —  L’ablation  par  cathéter  de  la  fibrillation  atriale  (FA)  persistante  demeure  un  prob-
lème difficile  et  les  résultats  rapportés  sont  perfectibles.  L’affinement  de  la  sélection  des
patients pour  cette  procédure  pourrait  améliorer  le  taux  de  succès  en  évitant  les  risques  liés  à
la procédure,  notamment  chez  les  patients  à  faible  probabilité  de  réussite.  Le  suivi  au  décours
d’une ablation  par  cathéter  peut  être  prédit  de  façon  non  invasive  par  l’analyse  de  l’amplitude
des ondes  de  FA  mais  des  travaux  précédents  se  sont  focalisés  principalement  sur  des  mesures
manuelles  sur  une  seule  dérivation  électrocardiographique  (ECG).
Objectifs.  —  Ce  travail  évalue  la  prédiction  à  long  terme  du  succès  d’une  ablation  par  cathéter
d’une FA  par  analyse  numérique  de  l’amplitude  des  ondes  de  FA  sur  des  dérivations  ECG  multi-
ples.
Méthode et  résultats.  —  Soixante-deux  patients  présentant  une  FA  persistante  ont  été  inclus,
52 hommes,  d’âge  moyen  61,5  ±  10,4  ans.  Pendant  un  suivi  moyen  de  14  ±  8  mois,  47  patients
n’ont pas  présenté  de  récidive  de  FA  au  décours  de  cette  procédure.  Un  ECG  standard  a  été
acquis avant  la  procédure  chez  chaque  patient.  L’amplitude  des  ondes  de  FA  sur  différentes
dérivations  ECG  a  été  numérisée  et  un  algorithme  non  invasif  utilisé,  permettant  d’établir  un
modèle multivarié  à  partir  d’une  analyse  par  régression  logistique.  Une  analyse  basée  sur  l’index
de Wald  sur  les  dérivations  D1,  V1,  V2  et  V5  permet  de  prédire  au  mieux  le  succès  d’une  ablation
par cathéter  à  partir  de  l’amplitude  des  ondes  de  FA,  fournissant  une  surface  sous  la  courbe
ROC à  0,854,  améliorant  donc  la  performance  d’une  prédiction  basée  sur  l’analyse  d’une  seule
dérivation  ECG.
Conclusion.  —  L’analyse  de  l’amplitude  des  ondes  de  FA  sur  plusieurs  dérivations  ECG  peut
améliorer  de  façon  significative  la  prédiction  du  succès  d’une  ablation  par  cathéter  chez  des
patients souffrant  d’une  FA  persistante.
© 2016  Elsevier  Masson  SAS.  Tous  droits  réservés.
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trial  fibrillation  (AF)  is  the  most  common  sustained  arrhyth-
ia  encountered  in  clinical  practice  [1].  Radiofrequency

atheter  ablation  (CA)  of  persistent  AF  is  a  well-established
herapy,  with  proven  efficacy  in  maintaining  sinus  rhythm
uring  follow-up  [2].  Despite  recent  significant  progress,  CA
or  this  form  of  AF  yields  less  than  perfect  results,  as  it
emains  a  costly,  time-consuming  intervention,  with  risk  of

omplications  for  the  patient.  Hence,  accurate  selection  of
ong-term  responders  to  CA  is  crucial  for  improved  patient-
ailored  management  of  this  cardiac  condition.

m
b

The  patient  characteristics  that  correlate  most  to
A  outcome  are  unclear  [3—5].  The  atrial  fibrillatory
aves  (f-waves)  observed  in  the  surface  electrocardiogram

ECG)  reflect  the  electrical  behaviour  of  the  atria  in  a
on-invasive  fashion,  and  their  analysis  in  time  [6,7]  or  fre-
uency  domains  [8,9], or  using  more  elaborate  complexity
ndices  [10], has  been  shown  to  correlate  with  CA  outcome.
n  previous  studies,  f-wave  amplitude  has  been  measured
anually  in  single  leads  separately  (such  as  II,  aVF  or  V1),

hus  neglecting  information  from  the  remaining  leads  that

ay  be  relevant  for  AF  characterization.  Indeed,  the  link
etween  f-wave  amplitude  and  long-term  outcome  has  not
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AF  ablation  prediction  from  multiple  f-wave  amplitudes  

been  clearly  established  [7]  or  has  been  demonstrated  with
limited  accuracy  only  [6].

To  overcome  these  drawbacks,  the  present  study  anal-
ysed  whether  the  consideration  of  multiple  ECG  leads
simultaneously  could  improve  CA  long-term  outcome  pre-
diction  based  on  automated  f-wave  amplitude  measures.

Methods

Study population

All  patients  underwent  radiofrequency  ablation  for  persis-
tent  and  long-standing  persistent  AF  [2]  at  Princess  Grace
Hospital  (Monaco).  The  study  was  approved  by  the  Institu-
tional  Committee  on  Human  Research,  and  all  patients  gave
written  informed  consent.  Anti-arrhythmic  drugs  (except
amiodarone)  were  withdrawn  at  least  five  half-lives  before
the  study.  Rate  control  drugs  were  interrupted  just  before
CA.  Before  the  procedure,  all  patients  had  echocardio-
graphic  assessment  of  the  left  atrium  (LA;  anteroposterior
diameter  in  the  parasternal  long-axis  view;  two-dimensional
surface  in  the  apical  four-chamber  view)  and  the  left  ven-
tricular  ejection  fraction  by  Simpson’s  biplane  method.  A
computed  tomography  scan  acquisition  of  the  LA  was  also
performed  for  each  patient  before  the  procedure.  The  LA
three-dimensional  volume  was  calculated  and  reconstructed
on  the  computed  tomography  scan.

Signal acquisition

For  every  patient,  a  1-minute  standard  12-lead  ECG  was
recorded  at  a  sampling  rate  of  977  Hz  immediately  before
the  start  of  ablation.  ECG  signals  were  acquired  on  a  digital
electrophysiological  recording  system  (Prucka  Engineering,
Inc.,  Houston,  TX,  USA),  including  0.05  to  40  Hz  bandpass
and  50  Hz  notch  filters.  For  patients  who  underwent  repeat
procedures,  only  the  ECG  recorded  before  the  first  interven-
tion  was  considered  in  our  prediction  analysis.

Ablation procedure

The  procedural  approach  for  LA  arrhythmia  ablation  in  the
study’s  institution  has  been  described  elsewhere  [11].  In
short,  we  performed  coronary  sinus  catheterization  using  a
decapolar  diagnostic  catheter,  double  transseptal  puncture,
systemic  anticoagulation  with  heparin,  with  a  target  acti-
vated  clotting  time  >  350  seconds,  and  electroanatomical
mapping  of  the  LA  with  the  Carto  system  (Biosense-Webster
Inc.,  Diamond  Bar,  CA,  USA).  Mapping  and  ablation  catheters
were  inserted  transseptally  via  a  non-steerable  (Fast-Cath
SL1;  St.  Jude  Medical,  Minnetonka,  MN,  USA)  or  steerable
(Agilis,  St.  Jude  Medical;  or  V-Cas  Deflect,  Stereotaxis,  St.
Louis,  MO,  USA)  sheath.  A  20-pole  circular  mapping  catheter
(Lasso  2512;  Biosense-Webster  Inc.)  was  used  to  assess  pul-
monary  vein  (PV)  potentials.

LA  shell  for  anatomical  definition  was  done  with  either
standard  electroanatomical  (Carto  XP;  Biosense-Webster

Inc.)  or  adjusted  fast  anatomical  (Carto  3;  Biosense-Webster
Inc.)  techniques.  Image  integration  with  the  LA  computed
tomography  scan  reconstruction  was  always  used.  Detailed
mapping  of  electrical  activation  of  the  LA  (and,  in  selected
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ases,  of  the  right  atrium)  was  performed,  with  visual
nnotation  of  complex  fractionated  atrial  electrograms
CFAEs)  [12].  Ablations  were  carried  out  in  a  stepwise
anner,  with  endpoints  of  circumferential  PV  disconnec-

ion,  ablation  at  CFAE  sites  and  block  across  the  lines
if  performed).  In  all  procedures,  the  operator  systemati-
ally  delivered  point-by-point  ablation  lesions  for  at  least
0  seconds  to  create  a  contiguous  antral  circumferential
ine  around  the  PV  pairs.  Catheter—tissue  contact  was  opti-
ized  before  each  radiofrequency  delivery,  using  catheter
otion  on  fluoroscopy,  near-field  electrogram  (EGM)  sta-
ility,  impedance  drop  during  radiofrequency  delivery  and
orphological  EGM  changes  suggestive  of  lesion  creation

11]. Whenever  available,  contact  force  was  also  taken
nto  account  to  optimize  catheter—tissue  contact.  If  a  sig-
ificant  lesion  (based  on  local  EGM  modification)  was  not
btained,  reablation  at  the  same  site,  with  further  optimiza-
ion  of  contact  (at  times  requiring  the  use  of  a  steerable
heath)  and  energy  increase,  was  performed.  Irrigated
adiofrequency  was  delivered  with  a  Stockert  70  generator
Biosense-Webster  Inc.),  a  42 ◦C  limiting  temperature  and
0—40  W  for  the  endocardial  part  of  the  line.  Baseline  irri-
ation  flow  was  17  to  30  mL/min,  with  an  increase  to  60  mL
n  case  of  excessive  heating.  If  PV  isolation  (entry  block)  was
ot  obtained  at  the  end  of  the  circular  lesion,  the  lines  were
emapped  and  the  gaps  reablated.  If  needed,  further  lesions
uided  by  the  circular  catheter  were  delivered.

In  case  of  ongoing  AF  after  PV  isolation,  additional  lesions
argeting  fractionated  EGMs  in  the  LA  as  well  as  the  roof
nd,  in  a  few  cases,  the  left  isthmus  lines  (with  endpoints
f  block  across  the  line)  were  performed.  Further  lesions
ere  delivered,  in  selected  cases,  within  the  coronary  sinus

20  W)  and,  in  some  cases  without  AF  termination,  in  the
ight  atrium,  targeting  fractionated  EGMs.

AF  termination  during  ablation  was  defined  as  sinus
hythm  resumption  or  its  change  to  a  stable  atrial  tach-
arrhythmia.  Nevertheless,  this  was  not  a  procedural
ndpoint,  and  operators  ended  the  procedures  after  PV
solation,  ablation  of  the  annotated  CFAE  sites  and,  when
ppropriate,  block  across  the  lines.  Associated  atrial  tach-
arrhythmia  ablation  was  performed,  and  the  critical
sthmus  or  focal  origin  was  specifically  targeted  up  to  sinus
hythm  resumption  and  reconfirmation  of  PV  isolation  before
atheter  withdrawal.

In  cases  without  AF  or  atrial  tachyarrhythmia  termination
fter  catheter  withdrawal,  a  loading  dose  of  amiodarone
30  mg/kg)  was  administered,  unless  contraindicated.  An
lectrical  cardioversion  (150  to  200  J,  repeated  up  to  three
imes  under  general  anaesthesia)  was  performed  if  the
rrhythmia  was  ongoing  24  to  48  hours  afterwards.

ollow-up

fter  the  3-month  blanking  period  recommended  by  cur-
ent  guidelines  [2], patients  were  followed  for  clinical  and
symptomatic  recurrences.  Follow-up  was  performed  in  a
‘real-life’’  setting,  by  regular  visits  to  the  treating  cardiol-
gist,  with  repeated  ECG  and  24-hour  Holter  monitoring  in

ll  cases  (every  3  months  during  the  first  year  after  ablation;
very  6  months  afterwards).  Supplementary  documentation
y  ECG  or  Holter  was  sought  in  case  of  recurring  symp-
oms  suggestive  of  arrhythmia.  Any  recurring,  sustained
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>  30  seconds),  symptomatic  AF  or  flutter  was  considered  for
 repeat  procedure.  Absence  of  any  AF  recurrence  during
ollow-up  defined  the  CA  success  group  of  our  study,  while
atients  with  documented  AF  recurrences  after  the  last  pro-
edure  constituted  the  CA  failure  group.

ignal-processing and statistical analysis

-wave amplitude computation
he  signal-processing  algorithm  used  to  compute  the  f-wave
mplitude  in  each  lead  is  illustrated  in  Fig.  1.  First,  ECG
ducial  points  were  detected  to  properly  segment  TQ  inter-
als,  where  atrial  activity  can  be  measured  free  from  QRST
omplexes  of  ventricular  interference  (Fig.  1,  top).  R-wave
ime  instants  were  located  on  lead  V1  by  applying  the  Pan-
ompkins  algorithm  [13],  and  Q-wave  onsets  were  simply
btained  by  subtracting  40  ms,  a  typical  ventricular  activa-
ion  time.  From  the  lead  where  the  most  prominent  T-waves
ould  be  visually  identified,  T-wave  offsets  were  estimated
y  an  adapted  Woody’s  method  [14];  then,  the  segmented
ntervals  were  mean  centred  and  concatenated  (Fig.  1,  mid-
le).  In  the  concatenated  TQ  segments,  the  local  maxima

ere  detected,  and  an  upper  envelope  was  estimated  by

nterpolation;  the  lower  envelope  was  estimated  in  an  analo-
ous  manner  from  the  local  minima  (Fig.  1,  bottom).  Finally,
he  average  difference  between  both  envelopes  along  time

L
(
n
t

igure 1. The f-wave amplitude measurement algorithm used in this
atabase (to ease visualization, only 10 seconds are shown); the TQ int
eaks (red crosses) as well as the Q-wave onset and T-wave offset loca
nd concatenated. Bottom: local maxima (red circles) and minima (blue
nterpolated to yield an estimate of the upper and lower envelopes (re
t each time instant, the difference between the two envelopes provid
onsidered.
V.  Zarzoso  et  al.

as  computed  as  an  estimate  of  the  f-wave  mean  ampli-
ude  in  the  lead  examined.  The  mathematical  details  of  this
mplitude  measurement  algorithm  have  been  described  by
eo  et  al.  [15].

Of  the  six  frontal  leads,  only  two  provide  linearly  inde-
endent  voltages  [16]. Hence,  to  avoid  redundancy,  only
eads  I,  II  and  V1—V6  were  considered  in  subsequent  analy-
es.  Amplitude  computation  was  performed  using  MATLAB,
ersion  2011a  (MathWorks,  Natick,  MA,  USA).

For  each  patient,  the  f-wave  amplitude  used  for  pre-
iction  was  computed  in  every  lead,  using  the  available
uration  of  atrial  activity  signal  after  TQ  segment  con-
atenation.  To  validate  the  temporal  stability  of  this
easurement  method,  the  f-wave  mean  amplitude  was  also

omputed  on  initial  10-second  and  30-second  segments  of
trial  activity  in  the  recordings,  where  such  lengths  were
vailable,  and  Pearson  correlation  coefficients  were  then
etermined  for  every  lead.

nivariate analysis
istribution  normality  was  first  checked  for  the  varia-
les  under  examination  by  the  Kolmogorov—Smirnov  test.

evene’s  correction  was  applied  when  homoscedasticity
homogeneity  of  variance)  could  not  be  assumed.  Under  data
ormality,  groups  were  compared  by  a  parametric  Student’s
-test,  whereas  a  non-parametric  Mann—Whitney  U-test  was

 study. Top: electrocardiogram (ECG) from the first patient of the
ervals (dashed boxes) are segmented after detecting the R-wave
tions. Middle: the TQ segments (dashed boxes) are mean centred

 crosses) are detected in the concatenated TQ segments, and then
d and blue dashed line, respectively) of the atrial activity signal;
es an instantaneous estimate of f-wave amplitude in the ECG lead
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Figure 2. Flowchart of the ablation procedure steps and end-
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used  when  the  variables  did  not  show  a  normal  distribu-
tion.  Proportion  analysis  was  based  on  the  �2 test.  For  each
univariate  predictor  of  CA  outcome,  receiver  operating  char-
acteristic  (ROC)  curves  were  computed  to  find  the  cut-off
point  providing  the  optimal  trade-off  between  sensitivity
and  specificity,  and  the  area  under  the  ROC  curve  (AUC)
was  used  as  a  prediction  performance  index.  This  statisti-
cal  analysis  and  the  logistic  regression  (LR)  model  described
next  were  performed  with  SPSS  software,  version  13.0  (IBM,
Armonk,  NY,  USA).

Multivariate analysis
An  LR  model  was  constructed  from  a  linear  combination
of  f-wave  amplitudes  computed  in  the  ECG  leads,  acting
as  multiple  predictor  variables.  Optimal  linear  combination
coefficients  were  determined  by  maximum  likelihood  esti-
mation  from  the  available  dataset  [17].  After  estimating  the
model  coefficients,  the  LR  score  was  computed  from  the  f-
wave  amplitude  set  of  each  patient.  The  numerical  value
of  the  LR  score  is  directly  related  to  the  estimated  odds
of  CA  success  (not  a  voltage),  and  was  then  used  as  a  CA
outcome  predictor.  Using  the  LR  score,  ROC-based  indices
were  derived  to  quantify  the  multivariate  model  predictive
performance,  as  in  the  univariate  analysis  above.  A  back-
ward  elimination  technique  based  on  the  Wald  index  [17]
was  employed  to  select  the  ECG  leads  whose  f-wave  ampli-
tudes  contributed  to  the  LR  prediction  score  in  a  statistically
significant  manner.

Results

Study population

Sixty-two  consecutive  patients  (52  men;  mean  age
61.5  ±  10.4  years)  were  included  in  the  study.  Patient  char-
acteristics  are  summarized  in  Table  1.  Patients  had  a
mean  AF  history  of  61.5  ±  56.1  months.  AF  was  persistent
in  54  patients  (87.1%)  and  long-standing  persistent  in  eight
patients  (12.9%).  Duration  of  the  actual  AF  episode  (ongoing
at  the  time  of  CA)  was  7.3  ±  11.1  months.  AF  was  idiopathic
in  26  patients  (41.9%).

Ablation procedure and follow-up

The  flowchart  of  the  ablation  procedure  is  presented  in
Fig.  2.  PV  isolation  was  achieved  in  all  patients.  AF  ter-
mination  by  CA  was  accomplished  in  23  cases  (37%),  after
a  loading  dose  of  amiodarone  in  three  cases  (5%)  and
by  electrical  cardioversion  in  36  cases  (58%).  Procedure
duration  was  263.5  ±  64.0  minutes,  fluoroscopy  time  was
14.1  ±  6.3  minutes  and  radiofrequency  delivery  time  was
47.5  ±  25.7  minutes.  Two  major  complications  occurred:  one
arteriovenous  femoral  fistula  requiring  surgery;  and  one
intra-alveolar  haemorrhage  prolonging  hospitalization.

Five  patients  had  a  redo  procedure  for  AF  recurrence.
With  1.08  procedures  per  patient  and  a  follow-up  of

13.9  ±  8.3  months  after  the  last  procedure,  AF  recurred
in  15  patients.  Recurrences  occurred  after  a  delay  of
5.5  ±  4.2  months.  Four  additional  patients  had  an  atrial
tachycardia  recurrence,  for  which  they  were  successfully
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oints used in this study. AF: atrial fibrillation; CA: catheter
blation; LA: left atrium; PV: pulmonary vein; RA: right atrium.

eablated  (classified  in  the  CA  success  group).  In  the  CA
uccess  group  (n  =  47),  40  patients  were  off  anti-arrhythmic
rugs  and  seven  patients  were  still  on  amiodarone,  despite
bsence  of  AF  recurrence  (as  per  their  cardiologist’s  pres-
ription).

alidation of f-wave measurement

or  the  34  patients  with  concatenated  atrial  signal  segments
f  over  30  seconds,  Pearson  correlation  of  f-wave  amplitude
easures  using  10-second  and  30-second  segments  was  at

east  0.98  (P  <  0.001)  in  all  leads.
When  comparing  the  amplitude  computed  over  the  orig-

nal  atrial  signal  (actual  length  dependent  on  the  patient)
ith  that  over  10-second  segments  for  the  same  patient
opulation,  the  minimum  correlation  remained  at  0.97
P  <  0.001),  keeping  at  least  at  0.9  in  all  leads  for  segments
s  short  as  5  seconds.  In  addition,  the  minimum  correlation
etween  amplitudes  measured  in  initial  and  final  5-second
egments  was  0.799,  obtained  in  lead  V1.  Full  details  of  the
alidation  study  can  be  found  in  [18].

nivariate analysis
able  1  shows  the  results  of  the  univariate  analysis  per-
ormed  on  the  usual  clinical  data.  Only  AF  history  duration
resented  a  significant  intergroup  difference,  with  the
ighest  AUC  (54.7  ±  53.5  vs.  87.0  ±  61.0  months;  P  =  0.047;
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Table  1  Patient  characteristics  for  the  overall  population,  and  comparison  between  the  CA  success  and  CA  failure  groups
by  univariate  analysis.

Patient  characteristics  Overall
(n  =  62)

CA success
(n =  47;  75.8%)

CA  failure
(n =  15;  24.2%)

P

Men  52  (83.9)  40  (85.1)  12  (80.0)  0.64a

Age  (years)  61.5  ±  10.4  60.3  ±  10.4  65.1  ±  9.7  0.12b

Hypertension  22  (35.5)  19  (40.4)  3  (20.0)  0.15a

Sleep  apnoea  syndrome  5  (8.1)  4  (8.5)  1  (6.7)  0.82a

Diabetes  8  (12.9)  8  (17.0)  0  (0)  0.09a

Body  mass  index  27.6  ±  4.4  27.6  ±  4.6  27.8  ±  3.7  0.90b

Obesity  14  (22.6) 10  (21.3) 4  (26.7) 0.66a

Coronary  heart  disease 7  (11.3) 7  (14.9) 0  (0) 0.11a

Hypertensive  cardiomyopathy 6  (9.7) 2  (4.3) 4  (26.7)  0.011a,d

Dilated  cardiomyopathy  8  (12.9)  4  (8.5)  4  (26.7)  0.07a

Valvular  heart  disease  4  (6.5)  2  (4.3)  2  (13.3)  0.21a

Hypertrophic  cardiomyopathy  2  (3.2)  2  (4.3)  0  (0)  0.42a

AF  history  (months)  61.5  ±  56.1  54.7  ±  53.5  87.0  ±  61.0  0.047c,d

Current  AF  episode 7.3  ±  11.1  6.8  ±  12.0  8.8  ±  7.3  0.06c

LA  anteroposterior  diameter  (mm)  47.2  ±  7.1  47.1  ±  7.3  47.5  ±  6.4  0.86b

LA  surface  (cm2)  29.1  ±  5.9  28.4  ±  5.8  31.5  ±  5.5  0.09b

LVEF  (%)  59.4  ±  15.6  61.5  ±  13.5  53.1  ±  19.7  0.07b

LA  CT  scan  maximal  volume  (mL)  141.0  ±  44.9  135.7  ±  42.7  158.6  ±  49.1  0.11b

Patients  on  amiodarone  before  CA  26  (41.9)  19  (40.4)  7  (46.7)  0.67a

Patients  with  repeat  procedure  5  (8.1)  4  (8.5)  1  (6.7)  0.82a

Data are expressed as number (%) or mean ± standard deviation. CA: catheter ablation; CT: computed tomography; LA: left atrium;
LVEF: left ventricular ejection fraction.
a P value computed according to the �2 test.
b P value computed according to Student’s t-test.
c P value computed according to the Mann—Whitney U-test.
d Statistical significance.

Table  2  Results  from  the  univariate  analysis  on  atrial
fibrillatory  amplitudes  computed  in  the  electrocardio-
gram  leads  separately.

Lead  CA  success CA  failure  Pa AUC

I  30.76  ±  23.27  43.1  ±  26.13  0.039  0.678
II  50.87  ±  31.75  51.57  ±  21  0.38  0.576
V1  72.95  ±  70.24  59.43  ±  32.24  0.55  0.552
V2  81.30  ±  194.9  74.69  ±  70  0.36  0.579
V3  87.69  ±  217.8  63.5  ±  52.42  0.84  0.518
V4  78.7  ±  169.1  55.57  ±  55.29  0.93  0.508
V5  56.57  ±  71.28  40.24  ±  14.56  0.90  0.511
V6  40.93  ±  41.87  33.99  ±  14.08  0.88  0.513

Data are expressed as mean ± standard deviation (�V) for both
groups of interest. AUC: area under the receiver operating
characteristic curve; CA: catheter ablation.
a
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P values computed according to the Mann—Whitney U-test.

UC  =  0.687).  There  were  more  hypertensive  heart  disease
atients  in  the  CA  failure  group  (4.3%  vs.  26.7%;  P  =  0.01).

o  other  differences  between  the  groups  were  significant.

Table  2  summarizes  the  univariate  analysis  results  for  the
-wave  amplitudes  computed  on  the  ECG  leads  separately.
wing  to  the  high  dispersion  of  the  data,  no  significant
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ifferences  are  found  between  groups  for  any  lead  consid-
red  on  its  own,  except  for  lead  I,  with  a  maximal  AUC
alue  of  0.678.  The  corresponding  ROC  curve  is  displayed
n  Fig.  3,  resulting  in  66%  sensitivity,  73.3%  specificity  and
7.7%  accuracy  at  the  optimal  amplitude  cut-off  of  0.029  mV.

ultivariate analysis

fter  applying  LR  with  backward  elimination  on  the  available
linical  data  (Table  1),  no  combination  of  clinical  varia-
les  was  retained.  Concerning  the  f-wave  amplitude  values,

 total  of  five  iterations  of  the  same  LR  with  backward
limination  protocol  were  run  before  all  remaining  varia-
les  reached  the  significance  level  (P  <  0.05).  The  leads
elected  were:  I (Wald  index  =  6.882;  P  =  0.009),  V1  (Wald
ndex  =  5.311;  P  =  0.021),  V2  (Wald  index  =  6.826;  P  =  0.009)
nd  V5  (Wald  index  =  5.038;  P  =  0.025).  When  clinical  and
CG  data  were  taken  together,  the  model  selected  the  same
emaining  variables.

Fig.  4  illustrates  the  ROC  of  the  LR  score  based  on  the
our  selected  leads  resulting  in  the  best  CA  prediction  per-

ormance.  The  optimal  cut-off  value  was  1.732,  yielding  83%
ensitivity,  73.3%  specificity  and  80.6%  accuracy,  as  summa-
ized  in  Table  3.  The  LR  score  and  thus  its  optimal  cut-off
alue  are  not  expressed  in  mV,  but  as  the  estimated  odds
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Figure 3. Receiver operating characteristic curve of the fibril-
latory amplitude computed in lead I, yielding the best prediction
among f-wave amplitudes measured in electrocardiogram leads sep-
arately (univariate analysis). Arrow indicates optimal cut-off point.

Figure 4. Receiver operating characteristic curve of the logistic
regression score based on f-wave amplitudes computed in leads I,
V1, V2 and V5, yielding optimal performance in mutivariate pre-
diction analysis. Arrow indicates optimal cut-off point. AUC: area
u
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AUC: area under the receiver operating characteristic curve; CI:
confidence interval.

of  CA  success  according  to  the  multivariate  model  based  on
f-wave  amplitudes  (see  methods  section).

Discussion

This  work  shows  that  the  simultaneous  analysis  of  f-wave
mean  amplitude,  automatically  computed  in  multiple  ECG
leads,  improves  the  prediction  of  CA  long-term  outcome
compared  with  single-lead  amplitude  measures  in  patients
with  persistent  AF.  Our  analysis  points  to  I,  V1,  V2  and  V5
as  the  optimal  leads  for  CA  outcome  prediction  based  on
f-wave  amplitude.  The  LR  score  derived  from  these  leads
predicts  CA  success  with  over  80%  accuracy.  With  the  clinical
goal  of  predicting  therapy  outcome  before  CA  referral,  and

thus  avoiding  unnecessary  procedures,  we  focused  exclu-
sively  on  variables  acquired  before  the  intervention  as  the
most  suitable  for  patient  selection.

p
i
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Table  3  Confusion  matrix  of  the  final  logistic  regression  mode

Positive  outco
(CA  success)

Predicted  positive  outcome  (CA  success) True
positives  =  39

Predicted  negative  outcome  (CA  failure)  False
negatives  =  8
Sensitivity  =  83

NPV: negative predictive value; PPV: positive predictive value.
nder the receiver operating characteristic curve; CI: confidence
nterval.

-wave amplitude as a predictor of ablation
utcome

 variety  of  clinical  and  signal  features  have  been  explored
s  predictors  of  CA  outcome  in  the  literature  [3—9,15].
requency-domain  analysis  has  received  particular  atten-
ion,  especially  the  AF  cycle  length,  which  is  linked  to  the
trial  myocytes’  refractory  period  [19],  and  has  been  asso-
iated  with  acute  AF  termination  by  CA  [5,9].  The  AF  cycle
ength’s  link  with  sinus  rhythm  maintenance  after  CA  has
lso  been  demonstrated  [9],  but  has  lacked  reproducibility
n  further  studies  [5,20,21],  thus  questioning  the  spectral
eatures  as  markers  of  long-term  CA  outcome.  To  illustrate
his  limitation,  the  AF  dominant  frequency  in  lead  V1  yielded
n  AUC  of  0.662  (P  =  0.06)  in  our  database.  Similarly,  the

hase-lock  index  [10]  was  not  predictive  of  CA  outcome
n  our  study  (AUC  =  0.536;  P  =  0.68),  probably  because  that
ndex  has  been  proposed  in  the  context  of  a  specific  ablation

l  with  optimal  cut-off.

me Negative  outcome
(CA  failure)

False  positives  =  4  PPV  =  90.7%

True  negatives  =  11  NPV  =  57.9%

.0%  Specificity  =  73.3%  Accuracy  =  80.6%
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rocedure,  aiming  at  the  suppression  of  focal  impulse  and
otor  modulation  sources  [22].

F-wave  amplitude  on  the  surface  ECG  is  related  to  the
agnitude  of  the  underlying  atrial  voltage,  which  is  also

elated  to  the  amount  of  viable  atrial  muscle  [6,7]; it  has
een  associated  with  AF  duration  and  patient  age,  both  in
1  and  II,  with  higher  values  linked  to  AF  acute  termination
y  CA  [7].  However,  anatomical  characteristics,  such  as  LA
ize  and  left  ventricular  end-diastolic  diameter  do  not  seem
o  correlate  consistently  with  f-wave  amplitude  in  different
eads  [7];  a  lack  of  correlation  between  LA  anatomy  and  CA
utcome  is  observed  in  our  study  (Table  1).  Similarly,  the
ong-term  prediction  ability  of  f-wave  amplitude  measured
n  a  single  lead  has  so  far  remained  tenuous,  or  has  only  been
emonstrated  with  limited  accuracy,  depending  on  the  lead
onsidered  [6,7].  Electrical  dipoles  associated  with  atrial
ctivation  wave  fronts  during  AF  may  cancel  out,  as  a  result
f  local  interactions,  and  cancellation  effects  may  reflect
ifferently  depending  on  the  ECG  lead,  which  may  explain
he  spatial  variability  of  f-wave  amplitude.  Moreover,  spa-
ial  variability  is  likely  to  increase  in  persistent  forms  of  AF,
here  atrial  electrical  activation  becomes  more  complex.  As
n  illustration  of  the  consequences  of  this  hypothesis,  the
mplitude  of  lead  I  in  Table  2  is  higher  for  failing  ablations,
hich  is  inconsistent  with  the  expected  results,  pointing  out

he  lack  of  reliability  of  single-lead  measures,  and  confirm-
ng  the  value  of  considering  multiple  leads,  as  in  the  present
pproach.

The  algorithm  for  f-wave  amplitude  computation
escribed  in  the  methods  section  only  considers  the  atrial
ignal  during  the  TQ  intervals,  as  in  the  studies  by  Cheng
t  al.  and  Nault  et  al.  [6,7],  but,  unlike  those  works,  it  is
ot  manual.  Also,  in  contrast  to  the  study  by  Cheng  et  al.  [6],
ur  estimation  procedure  does  not  require  an  intracardiac
GM  input  as  time  reference,  and  is  thus  fully  non-invasive.
he  high  correlation  results  in  our  study  show  the  good  tem-
oral  stability  and  reproducibility  of  the  automated  f-wave
mplitude  measures.  This  study  focused  on  an  automated
omputation  of  f-wave  amplitude  in  order  to  avoid  the
ubjectivity  of  human  operators  in  manual  measurement
ethods  requiring  visual  inspection.  Hence,  a  comparison
ith  manual  methods  was  not  considered  relevant.

ultivariate analysis of ablation outcome

ost  of  the  existing  works  aiming  at  CA  outcome  prediction
onsider  each  variable  separately  from  the  rest  by  means
f  univariate  analyses,  and  the  whole  set  of  variables  is
nly  introduced  into  a  multivariate  model,  such  as  LR,  to
dentify  independent  predictors  [6,7,9].  By  contrast,  the
resent  work  directly  exploits  the  LR  score  as  a  prediction
ndex,  based  on  the  multiple  variables  incorporated  into  the
odel.  A  backward  elimination  procedure  is  employed  to

elect  the  most  discriminant  variables  in  this  multivariate
etting.  By  considering  multiple  ECG  leads  simultaneously,
his  approach  is  able  to  stress  the  long-term  outcome  pre-
iction  capabilities  of  the  f-wave  amplitude  in  the  context  of
he  CA  therapy,  as  shown  in  Table  3,  Figs.  3  and  4. Such  long-

erm  prediction  capabilities  are  superior  to  those  previously
eported  [6,7].  Optimally  combining  ECG  leads  through  suit-
ble  signal  decomposition  techniques  has  also  recently  been
roposed  by  Meo  et  al.  [15].  Although  that  approach  yielded
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mproved  prediction  of  acute  CA  outcome,  it  did  not  provide
atisfactory  results  in  the  long-term  prediction  goal  of  the
resent  investigation.

urface ECG lead selection

ypically,  only  one  lead  (e.g.,  II,  aVF  or  V1)  is  considered
eparately,  without  exploiting  the  intrinsic  spatial  variabil-
ty  of  the  f-waves  across  ECG  leads  [6,7,9].  The  multivariate
R  model  used  in  this  work  points  to  leads  I,  V1,  V2  and  V5
s  the  most  discriminant  to  determine  mid-  and  long-term
A  outcome  based  on  f-wave  amplitude,  with  a  prediction
ccuracy  exceeding  80%,  while  keeping  acceptable  values  of
pecificity  and  sensitivity.  To  support  the  consistency  of  our
nalysis,  an  alternative  feature  selection  approach  based  on
upport  vector  machines  [23]  was  also  tested,  retaining  the
ame  set  of  leads,  and  yielding  equivalent  prediction  results
ven  after  cross-validation.  These  results  stress  the  bene-
ts  of  taking  into  consideration  the  information  from  several

eads  that  are  often  neglected  in  AF  analysis.  By  virtue  of
heir  spatial  location,  the  selected  leads  V2  and  V5  may  offer

 more  distinctive  view  of  LA  activity,  which  may  be  insuf-
ciently  represented  by  V1,  yet  could  play  a  significant  role

n  AF  characterization  and  prediction  of  therapy  outcome.

linical implications

roposing  CA  to  a  patient  with  persistent  AF  is  a  difficult  clin-
cal  decision.  Current  guidelines  [2]  state  that  the  indication
lass  for  persistent  forms  of  AF  is  weaker  than  for  paroxysmal
F.  Suboptimal  results  with  CA  are  notorious  for  such  forms,
nd  the  ablation  technique  still  exposes  patients  to  a  signifi-
ant  risk  of  major  complications  [24].  This  decision  may  rely
nly  on  clinical  and  imaging  information,  but  the  most  valu-
ble  predictors  of  CA  results  (such  as  magnetic  resonance
maging-based  quantification  of  atrial  fibrosis  [25])  are  not
vailable  in  the  majority  of  electrophysiology  laboratories.

Hence,  developing  a  standard  12-lead  ECG-based  predic-
or  of  CA  outcome  in  the  context  of  persistent  AF  may  have
ajor  clinical  value,  by  providing  a  rapid  tool  for  patient

election.  Software  may  be  easily  integrated  in  ECGs,  and
an  provide  an  instantaneous  multilead  computation  of  the
-wave  amplitude  that  clinicians  may  use  for  fine-tuning  the
linical  indication  for  ablation.

tudy limitations

lthough  the  multivariate  classification  and  lead  selection
pproaches  (LR,  support  vector  machines)  considered  in  the
nalysis  are  in  close  agreement,  their  generalization  ability
ay  be  hampered  by  the  relatively  small  sample  size  avail-

ble  in  our  study.  This  sample  size,  however,  is  similar  to  that
n  similar  studies  recently  reported  in  the  literature  [6,20].

The  stepwise  ablation  procedure  implies  a  certain  degree
f  interpatient  variability,  which  may  represent  a  bias  for  CA
utcome.  Nevertheless,  among  the  described  strategies  of
ersistent  AF  ablation,  the  stepwise  approach  is  adopted  in
any  ablation  centres,  and  encompasses  widespread  strate-
ies,  such  as  circumferential  PV  isolation  alone  and  isolated
FAE  ablation  [5—7,9,20].  While  electrical  cardioversion
ight  be  considered  as  a  confounding  factor  when  evalu-

ting  CA  outcome,  its  ability  to  maintain  sinus  rhythm  when
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applied  on  its  own  to  treat  persistent  AF  remains  controver-
sial  [26].  In  any  case,  the  proportions  of  patients  who  had
received  cardioversion  in  the  CA  success  and  failure  groups
of  our  database  were  not  significantly  different.  Likewise,
the  continued  use  of  amiodarone  before  ablation  and  the
application  of  repeat  procedures  do  not  seem  to  influence
CA  outcome  (Table  1).  Thus,  we  consider  that  the  prediction
value  of  the  computational  method  on  the  surface  ECG  may
be  extrapolated  widely  in  clinical  practice.

AF  termination  rate  during  CA  was  inferior  in  our  study
compared  with  some  published  series  [27,28].  Neverthe-
less,  as  stated  in  the  methods  section,  AF  termination  by
ablation  was  not  an  endpoint,  and  operators  performed  lim-
ited  radiofrequency  deliveries  outside  the  PV  antra;  this  did
not  hamper  the  long-term  outcome  of  CA  in  this  form  of
AF,  which  is  in  accordance  with  the  recent  literature  [29].
Indeed,  AF  termination  by  ablation  is  debatable,  and  sev-
eral  series  have  shown  no  predictive  value  of  AF  termination
during  ablation  for  long-term  outcome  [30].  The  best  choice
of  extravenous  ablation  targets  in  persistent  AF  is  currently
being  investigated,  with  different  concepts  and  technologies
other  than  CFAE  ablation,  but  without  consensus  for  the  time
being  [31,32].

Anti-arrhythmic  drugs  were  continued  in  a  minority  of
patients  in  the  CA  success  group,  without  evidence  of
arrhythmia  recurrence.  As  follow-up  was  performed  in  a
‘‘real-life’’  setting,  drug  prescription  was  continued  as
deemed  necessary  by  the  cardiologist  treating  the  respec-
tive  patients.  We  consider  the  potentially  induced  bias  as
limited,  as  only  a  few  patients  were  concerned,  and  the
same  drugs  had  been  ineffective  in  these  same  patients
before  the  ablation  procedure.  Clinical  improvement  being
a  certainty  in  these  patients,  the  results  reflect  CA  outcome
in  an  ‘‘intention-to-treat’’  real-life  setting  even  better.

Follow-up  was  performed  with  systematic  24-hour  Holter
ECG  monitoring  (and  additional  ECG  or  Holter  in  case  of
symptoms),  according  to  current  guidelines  [2],  as  in  sim-
ilar  studies  [6,7,9].  However,  the  recurrence  rate  may  be
underestimated  compared  with  implantable  loop  recorders.

Finally,  as  in  other  prediction  studies  (e.g.  [5—7,9,10]),
our  results  are  based  on  retrospective  data,  and  should  be
confirmed  by  further  prospective  analyses.

Conclusions

Surface  ECG  recordings  provide  useful  non-invasive  informa-
tion  for  identifying  persistent  AF  positive  responders  to  CA.
This  work  has  shown  that  considering  the  f-wave  amplitude
across  multiple  ECG  leads  jointly  yields  improved  long-
term  outcome  prediction  compared  with  single-channel
amplitude  measures.  The  novel  predictor  enhances  patient
selection  for  CA,  and  can  thus  contribute  to  the  patient-
tailored  treatment  of  AF.
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