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Abstract:

Ablation of atrial fibrillation (AF) is thecornerstone therapy for patients with symptomatic

AF resistant to antarrhythmic drugs, or as firdine therapy and is based on permanent
pulmonary vein (PV) isolation. Indeed, the presence of a conduction gap in a wide antral
circumferential ablationelsion around PVs is often sufficient to transform an initially
successful ablation into a procedural failure, thus necessitating a redo intervention. The
strategy during redo procedure is based on the detection and ablation of reconnection gap.
Finding gaps is often simple, but sometimes challenging since gaps may be difficult to detect,
resulting in unnecessary radiofrequency delivery. The present review aimed at describing the
various techniques published thus far to detect residual reconnections al@mgiticling

ablation lines around PVs, in order to help electrophysiologists to detect and ablate
reconnection gaps.

Condensed Abstractblation of atrial fibrillation (AF) is based on permanent pulmonary

vein (PV) isolation. The presence of a conducgap in a wide antral circumferential

ablation lesion is often associated with AF recurrences, necessitating a redo intervention to
find and ablate reconnection gaps. Finding gaps is often simple, but sometimes challenging
since gaps may be difficult to @et, resulting in unnecessary radiofrequency delivery. The
present review aimed at describing the various techniques published thus far to detect residual
reconnections along the encircling ablation lines around PVs, in order to help
electrophysiologistto detect and ablate reconnection gaps.

Abbreviations:

AF: Atrial fibrillation

CB: Cryoballoon

CMC: Circular mapping catheter

CS:Coronary sinus

EGM: Electrogram

LIPV: Left inferior pulmonary vein

LSPV: Left superior pulmonary vein

MRI: Magnetic resonance imaging

PV: Pulmonary vein

PVI: Pulmonary vein isolation

RF: Radiofrequency

RIPV: Right inferior pulmonary vein

RSPV:Right superior pulmonary vein

WACA: Wide antral circumferential ablation

Keywords:Atrial Fibrillation; Gaps;Ablation; Reconnection
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Ayrton SennaNovembe#, 1990

For every racing fan, this is certainly one of the most famous quotes ever pronounced by a
Formula One driverGoingfor a gap is the essence of racing, and sounds like evidence for
racing driversNo gays, no wirs. Similarly, finding gaps is the essence of electrophysiology,
especially in the field of agl fibrillation (AF) ablation.Since the seminal description of
pulmonary vein (PV) isolation (PVI) by Haisseguerre et al,[1] the technique has evolved from
a segmental to a more antral ablation amdathievement of a continuous transmural lesion is
essentiato obtainentry and exit blockpermanehPVI and longtermmaintenance of sinus
rhythm[2, 3] No gays, less AF recurrences.

The presence of a conduction gap in a wide antral circumferabtation(WACA) around

PVs is sometimes enough to transfomiratially successful ablation into a procedural

failure, thusnecessitating a redo interventif#).Indeed, as previously demonstratethrge
number of recurrences is due to reconne&¥d[4, 5, 6]the remaining due to extRV

triggers orthe underlyindeft atrial substrateln such cases, the redo procecaires at

detecting and ablatg these reconnections. Such procedure sounds simple, but in reality is
often challenging since gaps are sometimes tough to find, and therefore, to ablate.

The present review aimed at describing the various technpyntishedthus far to detect
residual reconnections alortgetencircling ablation lirearound PVs, in order to help
electrophysiologists t6§JR IRU D JD S avidaiowl the [flustiatien of having to leave

PVs connectedt the end of AF ablation procedures

Avoiding gaps during the initial ablation




First, an optimal ablation setup should be pursued during the initial ablation to avoid future

gaps whether using RF arryoballoon CB) energiesif one uses RF energykiH SDEODWLRQ
OLQH FRQWLJX lthii\ canibiBirp[ demiCah&® ddhtiguity was shown to be an accurate
SUHGLFWRU RI DFXWH DQG GXUDEOH 39, DQG PD\ KHOS WR
FKDLQ LQ D :$&% OHVLRQ VHW DV VWDWHG EtheDXWKRUV 7k
recently pblishedCLOSE protocolevaluatingthe safety and efficacy of a rigorous and
standardized PVI workflow with delivery of deep and contiguous RF lefiph®sions were
performed in a powecontrol mode with 285W (irrigation up to 30 ml/min) until an

ablaWLRQ LQGH] - DW WKH SRVWHULRU ZDbistpatsRRI DQG -
isolation was validated in 98% BfV lesions sets (100% and 97% fayht and left PVs,

respectively), and only a very limited number of patients needed@sien gapsearch and

ablation. Thus, a careful and rigorous ablation workflow should be pursaeditbgaps and

obtain a persiste PVI at the end of proceduréor CB ablation, shorter applications have

been shown to be as efficient as longer ones, and th& set8nds application may be

sufficient to obtain a durable PVI1.[8] A tirte-PVI < 30 seconds can predict a durable

lesion, while a timgo-PVI > 60 seconds can indicate a poor contact to atrial teesti¢he

need to increase the application duratiotoanterrupt freezing and reposition the CB.[8]

Current practice in most laboratories involves &20min postablation waiting period. The

rationale for such waiting time is based on early studies showing that spontaneous PV
reconnection is a timdepen@nt process occurring in damaged but viable cells, leading to
spontaneous reconnection of PVs, initially supposed to be successfully i§@]dvthy

studies have shown that most reconnections occur during the first 30 min after the initial PVI,
with a sgnificant proportion of patients having further reconnections at 60 min and very few
between 60 and 90 mj0, 11, 12, 13LConsequently, in thé

HRS/EHRA/ECAS/APHRS/SOLAECE Expert Consensus statement on catheter and surgical



ablation of AF, expertsecommend a 20 min waiting period as a reasonable option during

AF ablation using RF energy (Class tecommendationR]

Adenosine induces a transient hyperpolarization of the resting membrane potential of
cardiomyocytes, restoring excitability in dansdgout viable cells and, consequently, the
conduction between PVs and the left atril®] Administration of a dose of adenosine

sufficient to achieve atrioventricular block or-&&cond pause has been shawunmask

dormant conduction and could improvetcomeq14, 15]|However, a sufficient waiting time

is necessary before adenosine testing, since a negative response can be observed immediately
after RF delivery; furthermoré¢he negative predictive value is very low, and negative PVs

with no dormant coduction may later show PV reconnecti@®] Thus, the expert consensus
VWDWHPHQW LQGLFDWHYV WKDW DGPLQLVWUDWLRQ RI DGHC

initial PVI (Class IIb recommendation).[2]

Usual localization of conduction gaps during redbtation of AF

First of all, one should be aware of the common localization of conduction gaps. As
demonstrated in many studies, gaps are often localized in the usual same regions, sometimes
thicker, or more difficult to reach with the ablation cathetetu@ to the inability tgeta

sufficient contact force to obtain a transmural lesion. An elegant histopathological analysis
has demonstrated the presence of thermal injuries in ablated PVs, associating endocardial
thickening, fibrous scar or nuclear pylem{17] Transmural scar without viable myocardium

was more frequently observed in patients with isolated PVs than those with persistent
conduction, supporting the evidence that PV reconnection is due to a failure to obtain a
permanent electrical lesionoWever, some isolated B\demonstrated viable myocardiaum

alone or mixed with scar, probably explained by local tissue architecture and/or anisotropy.



For patients benefiting from a first ablation procedure, the inability to obtain PVI at the end of
a firss WACA pass is often due to wall thickness, making atmansmural lesion, or catheter
instability. This is particularly true for the ridge between the left PVs and the left atrial
appendage. The vicinity of transeptal puncture for the ablation ofsiggd PVs may also
explain the difficulties to achieve an optimal contact between the catheters and the atrial
tissue. ElHaddad et al showed that acute, as late PV reconnections were linked to lack of
deep lesions and/or contiguiti8] Interestingly, astsown by Sandorfi et al, the need for gap
closure at de novo procedure gap was the only predictor of PV reconregtibghting the

fact that reconnection gaps usually occur in regions already difficult to isolate during the
initial ablation[19]

Thelocalization of conduction gaps for those patients requiring a redo ablation has been
thoroughly described. Galand et al compared the localization of conduction gaps in redo
ablations of patients primarily ablated using a radiofrequéREyor aCB-based

ablation[20] Overall, an identical number of gaps per patient was observed among groups,
although a significantly higher number of gaps was observee inght superior P\or

those patients first ablated wiF. The localization of gaps displayed @ifént patterns
depending on the initial energy used.

Recent studies have shown a 6820.0% rate of durable PVI in patients initially ablated with
cryoenergyand referred for a redo procedii?d, 22, 23, 24, 25h the 5 main studies having
analyzededo procedures agecondgeneratiorCB ablation, the most reconnected PV was the
RSPVI[21] the RIPV[23, 24, 25, 26pr both right PVs equallj22] Furnkranz et al. described
that reconduction gaps followir@B ablationusing firstgeneration balloowere

predominantly found in the anterior part of left PVs (at the ridge betwederftladrial
appendage and PVs) and in the inferior segment of the RIA\Regarding patients

previously ablated witsecondgeneratiorCB, different preferential patterns céconnection



were described: the anterior RSJP24] the inferior RIPV and LIPYanterior LSPV and all
around RSPV\[22] the posteranferior RIPV[25, 26, 28]or the superior part of superior PVs
and inferior part of inferior PVR3, 24| Thus, knowinga-priori the usual site of
reconnections may help electrophysiologists to directly look after gaps inioseX D O

V X V Sregions;

RF or CB ablation for the redo procedure?

In most laboratories, the current practice is to perform the redo ablation using RF energy,
since it allows a detailed and precise characterization of the localization of the reconnection
gaps.Data regarding redo ablations performed using CB ablatioscaree. Astudy

presented at Venice Arrhythmias 2017 evaluated CB ablation for redo procedures after an
initial CB ablation[29] In this work, authors performed CB redo ablations in 67 patients, 9 (5
16) months after the initial CB ablation. 30% and 37%hefpatients had AF recurrences

after 1 and 2 years. Authors concluded that CB redo procedures after a first CB ablation had
acceptable longerm success rat@nother study from the Chierchia group retrospectively
analyzed the efficacy of secogéneraion CB for repeat procedures initially performed with
RF. After 15+8 months, 83% of the patients were free from recurré@@eslthough these
results may sound promisinge do believe that RF should be the energy of choice for a redo
ablation, regardlessf the energysed for the initial ablation. Indeeas described above, it
allows a precise characterization of the localization of reconnection gaps andipouch

ablation, avoiding unnecessary energy delivery.

Analysis of PV &ctrograms

In 2005, Ouyang et dirst described that local electrograms (EGMs) at the site of

reconnection gaps presented low amplitude with fragmented or double potentials. In their



study, they described aGR XE OH /D V V iR ondeétte KEalizE Japshroughthe

analysis of local EGMB}] Two circular mapping catheters (CMC) were placed within the
ipsilateral superior and inferior PVs to confirm whether there was recovered PV conduction.
An ablation catheter was advanced close to the site with the earligstt€\tial and then
withdrawn to the left atrium and placed to the area near the earliest PV potential. Ablation
was conducted at these locations and the presence of a conduction gap confirmed if PVI was
obtained. An additional conduction gap was suspeattad PV activation sequence changed
after one conduction gap was successfully abla@kkdough convenient to simultaneously
record both superior and inferior ipsilateral PVs, this technique needed 3 transeptal accesses,
with inherent complications. Thgattern of EGMs at the site of connection gaps was later
carefully analyzed byArenalet allater,using a singl€€MC.[31] In 85% of conduction gaps,

a multicomponent low voltage (0.11+0.02 mV) and long duration (59£12 ms) EGM was
recorded. Two or 8omponents were recorded, with no isoelectric lines between them. A
minority of gaps (15%) did not exhibit any discernable potential at the reconnection site.
Dong et al hypothesized that a single ablation catheter was sufficient to analyze PV local
EGMs and identify reconduction gap32] avoiding to introduce a CMC in the left atrium,

and thus, to perform a double transeptal puncture. Patients were randomly assigned to a
standard doubteatheter technique (CMC and RF catheter) or to a single ablaticterath
group. The ablation catheter was placed into each PV and pulled back to a point just before
passing the WACA lesion. The activation sequence all around the PV antrum within the
WACA lesion was then calculated according to the coronary sinus reféfetec8 points all
around the lesion). All residual gaps could eventually be identified by activation mapping in
the single ablation catheter, and authors concluded that a single ablation catheter technique

was feasible and as effective as CMC in analyBXdocal EGMs and localizing the residual

gaps.



As stated abovehe activation sequence recorded on the CMC may help to localize
conduction gaps. Howevesne has to keep in mind thabnly gives a rough estimation of

its fprecise location. Indeed) the study by Bacquelin et,[3] only two thirds of the
connections were located in the region ofeéhdiestactivated dipole of the CMC. In the

recent study by Salas et[8H] a concordance between gap location and the earliest PV EGM
in the CMCduring pacing was only found in 25% of the cases, with an average distance
between the gap to the site in front of the earliest PV EGM of 20.4+9.6 mm. The anatomy of
muscle sleeves may explain such discrepancies since they are often coofijgosetar or
spirally oriented bundles of myocytes with additional longitudinally or obliquely oriented
ones, forminga meshlike structurg35] Musculardiscontinuities and abrupt fiber orientation
changes have been demonstrated in more than 50%-leffPatrial segmentf36] which may
also explain the discrepancies obsenradthermore, the CMC often does not perfecily fit
inside PV ostia due to their oval shape. This technique is therefore imprecise, especially in
case of large circular lesions where #rtivation within the isolated PV antra may not

propagate along a straight course.

7 K HPate and ablate WHFKQLTXH

In 2010, Eitel et §87] and Stevert a[38] simultaneouslyntroduced a novel technique to
localizeconduction gapghe secalled3SDFH DQG DE O @Fgukel,\Waddt K\QL T X H
Briefly, the entire ablation linss mapped while pacing from the tip of the ablation catheter
with a high output of 10V or 10 mA for 2ms. If the atrial tissiexcitable at this output, a
conduction gaps suspected and additioraF lesions delivered until loss of pacing capture
is obtained Simultaneous pacing and ablation form the tip of the catheter is also useful to

immediately evaluate the effect of ablation and avoid ablating already isolated regions.



To note, highoutput pacing may induce atrial faeld capture and overestimate thegence
of excitable tissue leading to unnecessary energy delivery. This phenomenon was mainly

described in the area of the left atrial ridge between PVs and the LA appé¢3Bidage.

PV mapping duringinus rhythm oatrial pacing

A technique to find gaps ungy PV mapping during atrial pacing or sinus rhythm was

described by Miyamoto et §89] A local activation map of the PV antrum, inside the WACA
line, is performed in sinus rhythm or during coronary sinus pacing for right and left PVs,
respectively(Figure 1, panel B) Local signals are recorded by the CMC or the ablation
catheter, moved within the PV antrum and ostium, and projected to the 3D atrial shell
constructed at the beginning of the procedure. The window of interest is set from the latest
atrial EGM recorded on the CMC to the QRS onset. The localization of the conduction gap is
defined as the precise site from which the activation proceeds towards the PV. The color
coded isochronal lines represented in 3D reconstructed geometry can help tp identif
localization of the gap. If the activation sequence changes during the ablation of an initial gap,
a second gap is suspected and a new PV map constructed until PVI is obtained. One of the
concerns described by the authors, the need of a perfecticoetaeen CMC electrodes and

PV tissue, can now be overcome by speaifgorithms in 3D mapping systenfs example

of the map obtained using this technique is shown in Figure 2.

In 2017, Bacquelin et al introduced alternativedechnique to detect gapsan initial WACA
lesionby pacing the atrial tissue all around the ablation(lifigure 1 panel C)Y33] First, the

CMC is positioned in the superior or inferior PV with the shortest @&hoactivation time.

To do so, the CM@s consecutively placeahithe ipsilateral noisolated superior and inferior
PVs. AtrioPV activation timas assessed in sinus rhythm for right PVs (from the onset of the

P wave in lead Il to the earliest Pétential recorded in the CM@nd during coronary sinus

10



pacing for left PVs (from the pacing spike to the earliest PV potential). Thei€Meén

placed in the PV ostium with the shortest ai?}d activation time in a stable position. The
theatriumis pacedusing the ablatiosatheter, 5 mm away from the atdn line (bipolar

stimulation; 600 ms pacing cycle length; outputrate the pacing threshold). For each site,

the followingvariablesareanalyzedthe atrioPV delay between thgacing spike and the

earliest PV potential recorded in t681C, calledtKk H phpuD FWH.ODWTRDRQE&G WKH SDW\
SDFWLYDWLRQ VHTXHQFHTY UHFRLDWGIHE BRVW K HD&EWLL YIKWM VRIQ
HMUDFWLY DW L RrédatariinetdlaFoditl theVACA line. Lastly, dter determining

the zone with the shortest settion delay, multiple pacing potsareobtainedio carefully

determine the exact location of thenewith the shortest activation delalhree distinct

patternscan bedentified (Figure 3) In pattern A, the activation delays converged towards a
single point where the delayshortest, without change in the activation sequence recorded on
the CMC, indicating the presence of a single gap in the WACA line, in front of the location of
the shotest activation delay. In pattern B, the shortest activation delays converge towards two
or more close locations, without any change in the activation sequence, indicating the
presence of multiple close gaps. In pattern C, the activation delays coroxeagds two or

more remote locations, with a modification of the activation sequence recorded on the CMC,
indicating the presence of multiple remote g&is.energy is then delivered at this location.

If PVI is achieved, the presence of one single gapaWWACA lesion was established. If PVI

is not achieved, the effect of RF delivery on af?\ activation time and sequence is

analyzed, to determine if residual gaps are present. Pacing maneuvers as described above are
repeated, and ablation delivered ie ffresumed location of the other gaps until PVI was

achieved.

Atrial mapping during PV pacing

11



TheseFDOOHG 3SDFH DQG PDS” PDQHXYHU zZDV GHVFULEHG E\
atrial side of the ablation line is mapped with the ablation cathetegdaV pacingFigure

1, panel D)34] Bipolar pacing is conducted at 600 ms, 10 mA / 2 ms from the CMC placed
inside the PV. Apacingbipolelocated clearly inside the PV (as shown by the 3D mapping
system) is chosen, if a consistent capture is obtained. A hiiible late activationn sinus

rhythm compared to the other PV recordings should be preferred. During PV pacing, the
ablation catheer is moved along the atrial side of the WACA line and theaB'Ml delay is
measured at each site. A celmrded representation of the local activation time can be used to
facilitate the localization of the conduction gape earliest electrical bredkbugh into the

LA is then considered as a gap site, where RF energy is deliaredg RF delivery, 3
responses can be observed: 1) PVI is obtained, suggesting that the gap was successfully
ablated; 2) PVI is not obtained, and the local activation ten@ains the earliest activation

site, suggesting insufficient ablation; or 3) PVI is not obtained, and the local activation time
shifts to a later activation, with a different zone around the WACA having a earliest activation
time, suggesting the preserafea second gafd-his technique was described in a cohort of
patients benefiting from a first RF ablation of AF, when complete PVI was not obtained after
a first pasg34] and also in a group of patients undergoing a second PVI prodd@jiene

of the adantages described by the authors to support this technique is that the conduction in
the atrium is expected to be less complex than in the PV antrum itself, resulting in less
abnormal local EGMs, easier to annotate, compared to a PV mapping duringeainalTo

note, this techniqueannot be performed in case of unidirectional exit block, although such
situation isuncommon, and is only feasible if PV remains excitableexample of the maps

obtained with technique is shown in Figure 4.

12



7 KH 3 H YhA@i8ditechnigue pacing inside the PV and recording toeonary sinus

signal

Recently, Yang et al described a technitpudetect conduction gaps without the need of a
&0& RQO\ XVLQJ D VLQJOH DEODWLRQ FDWKHWgite LFDOOHG
panel E)41] Pacing at 10 mV/2ms is performed in the PV anfossia, and a reference

signal is selected in the coronary sinus. An activation map is then created while pacing from
the ablation catheténside the WACA lineand recording thectivation time to the reference
signal. The shortest time from the captuRddtissue to the&oronary sinusS) reference

signal denotes the localization of the conduction gap. Multiple gaps c@ygbentially
detectedFigure 5) The great advantagestbfs technique are 1) the need of a single catheter
anda single transeptal approaZjhthe fact thaactivation measurements are talem the

pacing spikd¢o a clean CS reference signal, while for other methods, when pacing is
performed from the atrigissue surrounding the WACA line or from the CS catheter, the
annotation iperformed on PV signals, frequently split, fractionated, or of small amplitude,

sometimes hampering an accurate annotation and mapping.

Limits of all these pacing technigues

All the techniques described above are based on pacing maneuvers, and consequently, are
impossible to performm patients in AFIn such patients, a cardioversion would be necessary

to obtain a stable sinus rhythm and the allow pacing the atrium or PVs.

ForboWK WHFKQLTXHV RI 339V PDSSLQJ GXULQJ VLQXV UK\WKI
technique for Miyamoto et [@9] and for finding the PV with the shortest atRY delay for

Bacquelin et 4B3]), authors mapped right PVs during sinus rhythm and left PVs during CS

pacing. Pacing from the CS may leadlifficulties in EGMinterpretatiorsince the neafield

PV EGM may be fused with a field left atrial appendage EGM. In such cases, pacing from

13



theleft atrial appendageanbe of great help to differentiate real néi@aid EGMs and far

field potentials Similarly to left PVs, faffield signals from the posterior wall or the superior
vena cava can confuse the analysis of right PV poteatasedicated pacing maneuvers can
be used to distinguish PV EGM components from adjacent structures.[42]

Furthermorethe further away from the PVs the WACA line is, the easier it is to identify and
annotate PV potentials, and consequently, one can faceufificperforming an activation

map inside the WACA line if perform d¢cclose to the PV ostia.

Future directions

Magnetic resonance imaging

Anecdotal case repoiritstially demonstrated the ability of magnetic resonance imaging

(MRI) to nonrinvasivelydetect gaps in ablation les®3] paving the way t@ wholenew

field of research. Adw years lateiRanjan et al showed that an acute identification of gaps
using a reatime MRI system was possible in a swine model of AF abldddihHigh
resolutionlate gadolinium enhancement MRI detected the conduction gaps up to 1.4 mm that
could be later ablated in the MRI scanner usingtiesd catheter navigation and visualization
systems. Gap length determined by MRI was similar to what was observed fram gros
pathology.Human studieound controversial results regarding the ability of MRI to detect
conduction gapdndeed, in a pilot study including 10 patients, Spragg et al showed that there
was a significant correlation between scar identified by delayed enhancement MRI and low
voltage regions recorded during the electroanatomic mapgfj@lthoughthere was no
association between scar observed at the MRI and reconnectioofites18 PV

reconnection sited identified during redo ablation, 13 (72%) were localized within imaged
scar, while only 528%) were found to benay from MRFEdetected scar. This disappting

resultwas later confirmed by Harrison et @l two different studieshowingin 11 redo

14



patients that the positive and negative predictive values for gap detection were ordgB5%
43%, respectivelj46] and in another studies including 20 patiettiey demonstrated a weak
point-by-point relationship between late gadolinium enhancement MRI and endocardial
voltage in patients undergoing repeat left atrial ablaf®rin both studies, MRI was unable
to reliably predict the sites of electricatonduction. ConverselyBrisbalet al showed that
the sensitivity/specificity angositive/negative predictive values of detecting PV
reconnectioawith delayed enhancement MREre 100%/57% and 94%/100%,
respectivel\{48] Discrepancies observed may be duthtoimaging technique or the
characteristics of electroanatomical mapd4@. 50] Furtherprospective randomized trgal

are warranted tassess the utility dfIRI guidance for targetingeconnectiorgapsafter an

initial PV isolation.

High resolutionelectroanatomic mapping

Multielectrode catheters with closely spaced electrpaesiit higher resolution mapping,
improving detection of gaps in reconnected PValtigle electrogramsansimultaneouslype
acquiredleading to aapid highdensity mappin@f atrial and PV activityLow amplitude
signals, invisible on the ablation catheter, can be detected and ablated, as recently
demonstrated in a case using the Advisor HD Grid catheter (Abbott, St Paul, MN[R1$A).
In a study including 33 patients sclitl for a repeat ablation of AF, Lin et al compared
substrate mapping of the left atriumdareconnection gaps using a-8mbn electrode tip
ablation catheter and amim eletrode multielectrode PentaRay cathéBiosense Webster,
Diamond Bar, CA, USA). fie PentaRay catheter identified significantly more reconnected
PVs (1.97 £ 0.59 vs. 1.49 = 0.62, p = 0.002) and more conducting gaps (2.91 + 0.68 vs. 2.12 +
0.65, p=0.001). The 3.5nm ablationcatheter missed 26 gaps which were seen tvéh

PentaRay cateter, gaps that display&mver voltage amplitude arghorter duratiohan
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those which were not missgdompared t@ historical propensitgnatched control cohort
undergoingAF ablation guided by mapping with wide intellectrode spacing catheters
patients ablated with multielectrode catheteppeared to have a superieydar freedom

from arrhythmia (79% vs. 50%; p b 0.05) suggesémptential effect ofong-term efficacy

in patientgefereed for a reddlation

Recently, Kosiuk et al and Benito etraported the value of ultdaigh resolution
electroanatomic mapping for localizing gaps ice3eg$52, 53]Mapping of P\eft atrial
junctionwasperformed with the newRhythmia®electroanatomical mapping system (Boston
Scientific,Marlborough, MA, USAsing theOrion catheterCompared to a regular Lasso
catheter withwenty1 mm? surface electrodehis basket catheter has 8 splines with 8
electrodes on each spline (totdl64 electrode} each one having a surface area of 0.4mm?2.
Such small electdes can record low amplitude signals, as observed in reconnection gaps.
Indeed, authors describe thaipg could be easily spottading activation and voltage maps

in theirrespectivepatients Masuda et al reported the use of the Orion cathetec#tize gaps

in 39 reconnected PVs froB1 patient§54] A total of 7,454+4289 mapping points were
acquired during an average of 12.2 + 3.6 rRifty four gaps were encountered in these 39
reconnected PVs, 57% of which localized using ttieraatic EGMannotation system, while
the remaining 43% of gaps were not visualided toincorrect annotatioof the local

activation time, either on far field signals or electric noise. Manual correction of these EGMs
resulted in identification of all the reconnettigapsFurthermore,heline created by the

initial ablationwas identifiedoy changing the lower limit of the voltage coloring range,
starting with 0.20 m\and with subsequent decrements of 0.02 mV. Sites with a veltage
preservedEGM pathway surround bgcar tissue were identified as gapsing such

technique, a rough estimation of gap localization was possible for all the gaps, but its exact

localization was identified in the voltage mapomly onethird of the patientsThe great
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advantage otlltra-high resolution electroanatomic mappiisghat is allows visualization of
nearfield low voltage EGMs. Indeed, the ablation catheter failed to reconuréveously
annotatedocal EGM at the exact gap localization in 20% of the cfsgdn a larger

population of 108 patients, Gardsolao et al demonstrated that the Orian catheter was more
accurate to detect reconnection gaps than a regular CMC, resulting in less applications and
total RF timegl55] In summary, gaps can be successfulbalzed, either automatically, or by
manually reannotating the local EGMs. However, importantly, and as suggested in Benito et
al case report, and in Masuda et al study, voltage map failed to identify gap localization in
two-third of the cases, and comptave analysis of the voltage map and the local EGM has to
be performed to correctly localize conduction g#&psexample of the activation map

obtained in a patient with a gap after WACA is shown in Figure 6.

Direct visualization of gaps

The ability to wsualize endocardidF ablation lesions guided byrdct endocardial
visualization(DEV) was described in 2009 by Eversull et al in a porcineiex and invivo
model[56] RF lesions could be accurately seenteklesions gaps visualized by DEV
corresponded to gross pathology examinafidre firstin-human use of a DEV ablation
catheter (Voyage Medical Inc., Redwood City, CA) to visualize and ablatdasten gaps
was later publishefb7] A fiberscopic camera is placed at the distal hoodhefcatheter to
visualize the endocardial surface of the myocardium, and an unobstructed field of view is
created by a saline irrigation purging away the blood at the tip of theteatFour metal
plate electrodes are positioned at the distal hood afatieter creating 4 pairs of bipolar
EGMs.Using this system, authors could have adollor endocardial visualization of gaps
that could be ablated under visual guidaaether studies will be needed to determine

whether such technology can be impleteerin daily clinical practice.
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Conclusion

Finding a reconnection gap in a WACA line is often straightforward, but sometimes
challenging. In some instances, electrophysiologists may spend a significant part of a
procedure going for a refractory gap, leading to unneceB$adglivery and longer
procedure/fluoroscopy durations. Various techniques, mainly based on pacing, have been

described and should be knownorder to rapidly achieve PVI.
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Figure legends:

Figure 1:Schematic representation of the various techniques described to determine the
localization of a conduction gap in a WACA lesion set. The square symbol represents a
pacing point, while the star represents a recording point.

Figure 2:PV mapping during sinus rhythm or atrial pacing. In this patient, the coronary sinus
Is paced, and the left PVs are mapped using a CMC. A-colied map (from white to

purple) is performed using a 3Dapping system. The earliest activation point indnge t

WACA line, from where the entire antral activation proceeds, is easily detected and color
coded in white. Adapted from Miyamoto effa@] CMC: Circular mapping catheter; PV:
pulmonary vein; WACA: Wide antral circumferential ablation.

Figure 3:PV mappng during atrial pacing. Schemes showing different responses to pacing
around the circumferential ablation lesions, and assumptions of gap localization. A. Superior
and inferior PVs are arbitrarily separated into eight different zon8%. (lhe CMC is

positioned in the PV with the shortest atf# activation time. In this example, the CMC is
positioned in a superior PV. For the following panels, pacing applied around the lesions (red
dots) and responses to pacing (activation delays and sequenceshfpoieaare shown. B.
Pattern A: the activation delays converge towards a single point where the delay is the
shortest (49 ms), without any modification of the activation sequence; the presence of a single
residual connection, in front of this pacing siseassumed. C. Pattern B: the shortest

activation delays converge towards two locations (41 and 51 ms), without any change in the
activation sequence, indicating the presence of two close gaps. D. Pattern C: the activation
delays converge towards two ret@docations (38 and 36 ms), with a clear modification of

the activation sequence recorded on the CMC, indicating the presence of two remote gaps.
Adapted from Bacquelin et #83] CMC: Circular mapping catheter; Inf: inferior; Sup:

superior; PV: Pulmonaryein; WACA: wide antral circumferential ablation.

Figure 4:Atrial mapping during PV pacing. Examples of maps obtained using the technique
to detect gaps in a right and left WACA lesion set (left and right panel, respectively). The
atrial side of the WA line is mapped during PV pacing. A colooded map (from white to
blue) is performed using a 3Mapping system. The earliest activation point outside the
WACA line, from where the entire atrial activation proceeds, is easily detected and color
coded in vhite. Adapted from Salas et[84]

Figure 5:The escape mapping technique. The delay between pacing within the PV and the
coronary sinus reference signal is noted and emded in a 3Bmapping system (from

purple to red). The shortest PV to coronary sinus signal is depicted in purple, while pacing
further inside PV antrum results in longer delays, depicted in blue to red. Since the reference
is a clean coronary sinus signal, the error of asserting the annotation is reduced. Furthermore,
a CMC is not required, and this technique can be performédavgingle ablation catheter.
Adapted from Yang et 1] CMC: Circular mapping catheter; PV: pulmonary vein.

Figure 6:High resolution mapping for gap detection. Example of an activation map of the
entire atrium and PV antrum. The presence of a largergéne posterior paof the right
inferior PV isnoted, while the anterior aspect of the right WACA line is isolated. PV:
Pulmonary vein; WACA: Wide antral circumferential ablation.
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JL or SR

Pacing: along the WACA line  Pacing: CS (left PVs) or SR (right PVs)  Pacing: outside the WACA line Pacing: inside PV Pacing: inside the WACA line
Capture = ablation Recording: inside the WACA line Recording: earliest PV potentials Recording: earliest atrial signal Recording: CS signal
No capture = no ablation
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