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Decebal Gabriel Laţcu, Sok-Sithikun Bun, Ruben Casado Arroyo, Ahmed Moustfa Wedn,
Fatima Azzahrae Benaich, Karim Hasni, Bogdan Enache, and Nadir Saoudi

i21

Is it feasible to offer ‘targeted ablation’ of ventricular tachycardia circuits with better understanding of
isthmus anatomy and conduction characteristics?
Felix Bourier, Ruairidh Martin, Claire A. Martin, Masateru Takigawa, Takeshi Kitamura, Antonio Frontera,
Ghassen Cheniti, Anna Lam, Konstantinos Vlachos, Josselin Duchateau, Thomas Pambrun, Nicolas Derval,
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Introduction for high-density mapping

supplement

Sabine Ernst (Guest Editor)1* and Stephan Willems (Co-Guest Editor)2

1Royal Brompton Hospital, National Heart and Lung Institute, Imperial College, Sydney Street, SW3 6NP, London, UK; and 2Universitaetsklinikum Eppdendorf, Martinistr. 52,
20251 Hamburg, Germany

Dear reader,

In 2017, during the European Heart Rhythm Association (EHRA) annual congress in Vienna a symposium entitled ‘New therapy opportunities
thanks to advanced mapping capabilities—what does the real world’s data tell us?’ was held that focused on the use of the novel 3D high-resolu-
tion mapping system Rhythmia (Boston Scientific). This educational event was extremely well received, and the discussion of the various presenta-
tions was very lively. Most presentations concentrated on specific arrhythmias such as atrial fibrillation ablation, post-atrial fibrillation atrial
tachycardia, or ventricular tachycardia in various patient cohorts. As an additional format, an ‘Experts on the spot’ symposium was staged on the
role of high-resolution mapping for pulmonary vein isolation, both moderated and presented by Dres. Ullah and Jilek. They jointly present here
their take home messages of their conversation (link to the manuscript).

Of course, not all questions could be answered or even just addressed during the ‘live’ session and sometimes tricks and learning points are best
communicated in writing. Moreover, we also encouraged the authors of this supplements to submit movie clips to support their manuscripts.
They could be reviewed and downloaded on the Europace website (https://academic.oup.com/europace).

As the chairpersons of the symposium, we approached both the Editor-in-Chief of Europace and Boston Scientific as the commercial sponsor to
propose this supplement, which could ideally serve as a reference for users to guide them in their own procedures. Specific advices, such as setting
the confidence level according to the signal noise level, using fill thresholds and ‘uncovering’ signals in scar areas may help to succeed in challenging
cases. If this supplement on high-resolution mapping can help with this endeavour even only a little bit, then authors and editors would be very
pleased indeed!

We hope you have an enjoyable time reading this supplement

Sabine Ernst Stephan Willems

* Corresponding author. Tel: þ44 207 351 8612; fax: þ44 207 351 8634. E-mail address: s.ernst@rbht.nhs.uk

Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.
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Advanced mapping capabilities

2018—summary: are we working towards

more personalized ablation strategies?

Sabine Ernst1* and Stephan Willems2

1Royal Brompton and Harefield NHS Foundation Trust, Imperial College, Sydney Street, London, SW3 6NP, UK; and 2Universitaetsklinikum Eppendorf, Martinistr. 52, 20251
Hamburg, Germany

We started our journey on high-density mapping (HDM) with an in-
sight on how to identify conduction gaps in previously applied pulmo-
nary vein (PV) isolation. A substantial number of atrial fibrillation (AF)
patients have to represent themselves for ‘touch-up’ procedures as
PV reconnection is still the prevailing problem of after any type of ab-
lation energy including balloons [e.g. cryo, laser, or radiofrequency
(RF) current]. Bolao and colleagues shared their approach to gap
identification and furthered our knowledge on gap dimensions.1

Using the HDM system, fast acquisition and automatic annotation of
the electrical information has been demonstrated. Having more infor-
mation of the antral PV activation allows differentiation of both atrial
and PV potentials. Using the basket mapping catheter, activation dur-
ing different pacing manoeuvres can be easily and quasi-simulta-
neously tested, which facilitates ultimately to locate conduction
patterns. This information let to a significantly shorter overall RF de-
livery time and also shortened the overall procedure time. There was
also a trend to significantly better outcome, albeit non-statistically sig-
nificant despite the use of non-contact force equipped ablation cathe-
ters in the treatment arm as compared to a historic control of the
same operator. Larger, multicentre trials are clearly necessary with
accurate patient sample sizes to confirm this finding.

In the second manuscript, two experienced electrophysiologists
debated the role of the atrial myocardium as the substrate for main-
tenance of AF vs. trigger initiation from the PVs.2 Their dialogue was
illustrated by deliberations on the various studies from conventional
mapping and ablation techniques. Using the HDM, identification of
the individual myocardial substrate should be facilitated and thereby
truly allowing to personalize the AF ablation strategy. This may be es-
pecially important in patients with persistent or longstanding-
persistent AF or patients with significantly enlarged atria. However,
the step from individual substrate identification to delivery of the
‘winning’ ablation strategy is obviously still a challenge, but due to the
small electrode sizes low-amplitude voltage areas should be much
easier to identify. Whether this level of detail provides an incremental
benefit for strategies involving scar ablation is an area of future inves-
tigation and has to date not been demonstrated.

Latcu and colleagues reported very insightful and instructive on
how to take advantage of the high resolution mapping capabilities in
identifying atrial tachycardia substrates mostly after extensive AF ab-
lation.3 As substrate modification by linear lesions and other non-PV
isolation techniques are applied in many non-paroxysmal AF patients,
the incidence of iatrogenic atrial tachycardia has risen exponentially.
Mapping of these atrial tachycardias can be a great challenge and iden-
tification of micro-reentry and bystander areas can be difficult if lower
resolution systems are employed.

Bourier and colleagues demonstrated that the HDM system could
successfully be applied to ventricular arrhythmia.4 This information is
compared to the information obtained from the gold standards of
CARTO or ENSITE sequential mapping systems. They carefully
reviewed the published evidence for catheter ablation of ventricular
tachycardia using high resolution mapping techniques and highlighted
the different electrcardiogram characteristics when mapping is per-
formed using small mapping electrodes in comparison to the stan-
dard mapping and ablation tip. In addition, they emphasized the
advantage of 3D image integration to identify ‘anatomical’ substrates
rather than only ‘functional’ substrates.

All HDM-guided procedures listed the lack of appropriate lesion
assessment as one of the leading problems in ablation for both atrial
and ventricular arrhythmias. Gunawardene and colleagues reported
on their single centre pilot experience with local impedance (LI)
measurements from a novel ablation catheter and compared the
results to the conventional impedance displayed at the RF generator
(GI).5 The catheter tip is equipped with three additional electrodes
that allow recording of nearfield impedance, which changes charac-
teristically once RF energy is delivered into the myocardium.
Depending on baseline LI, an appropriate drop in LI of about 13 X
seems to predict good lesion formation, whilst fluctuating LI is char-
acteristic for poor catheter stability and thereby poorer lesion forma-
tion. In both settings, the changes in LI are more pronounced then in
GI. However, due to the overall small sample size and the explorative
nature of a pilot trial, no final claim of improved effectiveness
especially in low voltage areas can be made at this point in time.

The opinions expressed in this article are not necessarily those of the Editors of Europace or of the European Society of Cardiology.
* Corresponding author. Tel: þ44 20 7351 8612; fax: þ44 20 7351 8629. E-mail address: s.ernst@rbht.nhs.uk
Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.
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The authors point out that the multicentre LOCALIZE trial has al-
ready been initiated, which will address this issue in greater detail.

Catheter ablation of atrial tachycardia in patients with congenital
heart disease poses a number of challenges including the identification
of previously acquired surgical scars and/or previous ablation attempts.
Another challenge is the sheer size of the atrial chambers which makes
any sequential mapping attempt more difficult. With the multitude of
potential substrates, these patients are typically plagued by multiple
atrial tachycardias which Ernst et al. attempted to address in a sequen-
tial fashion.6 Recommendations for scar settings and 3D image integra-
tion are reviewed, cautioning the expectations at least for the present.

We hope this variety of contributions from several groups will
provide further insights into contemporary HDM and ablation in or-
der to improve our understanding of complex tachyarrhythmias and
help to overcome hurdles still preventing us from successful treat-
ment of these entities. Thus, this supplement may represent a small
step towards more personalized strategies in this setting.

Conflict of interest: S.E. received honoraria from Boston
Scientific, Stereotaxis and Biosense Webster and has research

collaborations with Baylis Medical, Medilumics and Catheter
Precision. S.W.: none declared.
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Do ‘difficult to identify’ pulmonary vein

connections explain continuing high recurrence

rates after atrial fibrillation ablation?

Ignacio Garcı́a-Bolao1*, Gabriel Ballesteros1, Pablo Ramos Ardanaz1,

Enrique Vives1, Renzo Neglia1, Diego Menéndez1, Ane Erkiaga Aio2, and

Ana de la Fuente1

1Department of Cardiology and Cardiovascular Surgery, Clı́nica Universidad de Navarra, Avenida Pı́o XII, 36 (31008) Pamplona, Spain; and 2Rhythmia Field Clinical Specialist,
Boston Scientific Corporation, Madrid, Spain
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Despite the emerging technical evolution of the last two decades, the primary success rate of single-procedure pulmonary vein isolation
(PVI), the cornerstone for any atrial fibrillation ablation procedure, is highly variable ranging from 53% to 92%. The recent development of
ultra-high-density electroanatomic mapping systems, capable of acquiring and annotating multiple electrograms, with high spatiotemporal
precision, which are processed by automated algorithms to generate activation and substrate maps to support and guide ablation proce-
dures, has opened a new stage in cardiac electrophysiology. In this article, we review the existing evidence on the utility of high-density
mapping on catheter-based PVI, the possibility to detect pulmonary vein potentials that remain undetected when using a standard ap-
proach and its potential relevance to the clinical outcome, and how this new technology is providing novel pathophysiological insights on
complete PVI and atrial fibrillation ablation outcomes.
...................................................................................................................................................................................................

Keywords Atrial fibrillation ablation • Redo atrial fibrillation ablation • Pulmonary vein isolation • High-density map-
ping • RhythmiaTM mapping system • OrionTM mapping catheter

Introduction

For many highly symptomatic atrial fibrillation (AF) patients catheter
ablation offers the most efficacious option for maintaining sinus
rhythm when antiarrhythmic drugs (AADs) have been ineffective, are
contraindicated, or cannot be tolerated.1,2 Large-scale observational
studies, randomized controlled trials, and meta-analysis have con-
firmed the superiority of catheter ablation in maintaining sinus
rhythm (success 66–89% with catheter ablation vs. 9–58% with
AAD), as well as improving symptoms, exercise capacity, and quality
of life.3–11 Accordingly, catheter ablation has moved from an ‘experi-
mental therapy’ to the standard of care for sinus rhythm maintenance
for both paroxysmal and persistent AF specially for operators and
sites that maintain high annual procedure volumes and optimal tech-
nical competence for AF ablation.1,2 However, enthusiasm for abla-
tion approach is somehow limited for long-term outcomes data. For
example, in the randomized RAAFT-2 trial,11 among patients with
paroxysmal AF without previous AAD treatment, ablation compared

with antiarrhythmic drugs resulted in a lower rate of recurrent atrial
tachyarrhythmias at 2 years, but recurrence was documented in ap-
proximately 50% of patients.

Complete pulmonary vein isolation (PVI) on the atrial level is the
keystone and best documented target for catheter ablation.
Pulmonary vein isolation can be achieved by point-by-point radiofre-
quency (RF) ablation, linear lesions encircling the pulmonary veins
[both guided by conventional circular mapping catheters (CMC) and
non-fluoroscopic mapping systems],11–13 or cryoballoon ablation
(with a modified spiral mapping catheter),14,15 with similar clinical
outcomes. Pulmonary vein isolation was initially tested in patients
with paroxysmal AF but appears to be non-inferior to more exten-
sive ablation even in persistent AF patients.16 Moreover, complete
electrical isolation of the pulmonary veins (PVs) with documented
entrance and/or exit block has better rhythm outcomes than incom-
plete isolation.17

Leaving aside the possibility of performing other AF ablation addi-
tional strategies, PV re-isolation is a standard and mandatory
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technique in redo procedures. Lack of detection PV reconnection
may occur due to inadequate strategy for mapping the PV, insufficient
attempts at mapping it or due to inappropriate tools for assessing
PVI. The recent development of ultra-high-density electroanatomic
mapping (HDM) systems, capable of acquiring and annotating multi-
ple electrograms, which are processed by automated algorithms to
generate activation and substrate maps to support and guide ablation
procedures, has opened a new stage in cardiac electrophysiology.
These systems are capable to rapidly and automatically acquire maps
with high spatiotemporal precision, without the need for extensive
manual annotation, through the combination of catheters with small
and closely spaced electrodes in combination with dedicated map-
ping platforms.18

In this article, we are going to review the existing evidence on the
utility of HDM on catheter-based PVI and how this new technology is
providing novel pathophysiological insights on complete PVI and AF
ablation outcomes.

Pulmonary vein isolation and
atrial fibrillation ablation
outcomes

Pulmonary veins are not only the area of initiation but also of mainte-
nance of AF in a large number of patients, and sustained PV tachycar-
dia initiated by pulmonary venous ectopy is the dominant
mechanism.19–21 For this reason, current guidelines state that ablation
strategies targeting the PVs or PV antra are the cornerstone for most
AF ablation procedures and, if the PVs are targeted, complete electric
isolation and elimination of all PV potentials should be the main goal
in overcoming the arrhythmia.1,2 This approach is supported not only
from all randomized clinical trials, but also from experimental re-
search. Although AF recurrence after catheter ablation may not only
be due to non-durable PV isolation, in the absence of other obvious
trigger areas, re-isolation is mandatory and is part of common
practice.

In the Gap-AF-AFNET trial,17 Kuck et al., assessed the impact of
complete vs. incomplete circumferential lines around the pulmonary
veins during catheter ablation of paroxysmal AF. Using a classical ap-
proach [conventional non-fluoroscopic mapping systems and some
form of variable-loop circular mapping catheters (CMC) to assess
electrical PVI], they nicely shown the superiority of complete PVI
over incomplete PVI with respect to AF recurrence within 3 months.
In a cohort of 233 patients, AF recurred in 62.2% of patients
completely isolated and in 79.2% of patients left with an intended per-
sistent gap (P < 0.001), for a difference in favour of complete PVI of
17.1% (95% confidence interval 5.3–28.9%).

Moreover, the correlation between PV reconnection and AF re-
currence after the index procedure underlines the important role of
the PVs in the pathophysiology of AF. Patients with AF recurrences
almost always have conduction gaps, as shown in multiple observa-
tional and experimental studies, and closure of these conduction
gaps with RF current led to re-isolation of the PVs with fewer AF
recurrences.22–25

For all these reasons, PVI is now widely accepted as the corner-
stone of AF ablation procedures. According to the ESC guidelines,

electrical isolation of the PVs is recommended during all AF ablation
procedures (Class I, level of evidence A) and elimination or dissocia-
tion of all the PV potentials recorded from a CMC should be the pri-
mary endpoint for AF ablation procedures.1,2

Assessing pulmonary vein
isolation in clinical practice

Pulmonary vein isolation is traditionally achieved by RF energy or by
single-shot techniques such as cryoballoon ablation. With both strat-
egies, the complex 3D structure of the PVs and the geometry of PV
ostia led to the development of mapping-guided PV isolation as a
more effective diagnostic tool to assess PVI by using CMC. The im-
portance of using a CMC for assessing isolation of the PV antrum on
the outcome of the PVI procedure has been clearly established and it
is widely considered as the gold standard procedure for testing en-
trance and exit block.26,27

However, the systematic use of standard CMC to assess PVI has
obvious limitations and pitfalls.28 Some anatomical reasons might ex-
plain suboptimal identification of PVP’s (pulmonary vein potentials).
For instance, due to the different takeoffs of the PVs, CMC is usually
obliquely oriented with the anterior part of the mapping catheter be-
ing positioned more profoundly within the vein and the posterior
part more atrially situated. Similarly, the bottom of the CMC is typi-
cally deeper within the superior PVs, whereas the opposite is true for
the inferior PVs. This poor wall contact affects both the sensing fea-
tures of the catheter, to assess entrance block, as well as the pacing
capabilities, to assess local PV capture and exit block. Also, wide fun-
nel that is often observed in the upper PVs may lead to a mismatch
between CMC and the PV. Such a lack of contact may result in infe-
rior results. For all these anatomical reasons, leaving undiagnosed
remnants of unisolated muscular tissue is a common issue of CMCs,
even after careful supplementary exploration and targeted ablation.28

Secondly, the right inferior PV may, on occasion, present difficulties in
achieving a stable position with the CMC. Complete catheterization
of the left inferior PV with the CMC can be also challenging in some
cases. Thirdly, discrimination of near-field PV potentials from far-field
extra-PV potentials can be challenging with conventional CMC even
after careful pacing manoeuvres. Finally, and looking specifically at
single-shot systems, there are obvious weaknesses and ‘roughness’ of
some of their diagnostic features, which are somehow dictated by
their own design (fixed-curve CMCs, too distal PV mapping, limited
number of electrodes, etc).29,30

High-density mapping to detect
pulmonary vein potentials

With contemporary technology, some PV potentials may remain
undetected. Meissner et al.31 recently demonstrated the superiority
of a high-density basket catheter (High-Density Mesh Mapper) in
identifying PVP’s that an octapolar single-shot CMC was not be able
to identify, both before and after cryoballoon ablation. In a series of
24 patients, they identified an average of 83.6± 4.8 PVPs in all four
PVs (this meant 20.9± 10.5 PVPs/per single PV per patient in the
HDM group, 14.5 ± 1.3 PVPs/in all four PVs, and 3.6 ± 2.7 PVPs/per
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single PV per patient in the cryo group) before ablation, thereby lead-
ing to a significant difference in the identification of PVPs per PV quad-
rant. Of 384 PV quadrants/24 patients analysed, the HDM identified a
significantly higher number of PVPs compared with cryo (279 vs. 192
quadrants, respectively, P < 0.05).

Using a different approach, Anter et al.32 showed the superiority of
a HDM strategy in detecting PVPs compared with a standard CMC.
In their study, they used the Rhythmia mapping system, a new system
capable of rapid and high-resolution electroanatomical and activation
mapping paired with the Orion mini-basket catheter. The mini-basket
catheter consists of eight splines, each containing eight small (0.4
mm2 each) electrodes with an interelectrode spacing of 2.5 mm mea-
sured from centre to centre. The mini-basket is expandable to a
nominal equatorial diameter of 18 mm and a maximal diameter of
22 mm. In 12 patients undergoing PVI using Rhythmia, the Orion and
a conventional CMC (20 electrodes, each with a surface area of 1
mm2, recording bipolar electrograms with an interelectrode spacing
of 3 mm) were placed simultaneously at the left atrium-PV junction
for baseline and post-PVI signal assessment. The main finding of this
study was that after PVI, concordance between the catheters was
only 68%. Discordance in all cases resulted from loss of PV potentials
on the CMC with persistence of PV potentials on the mini-basket
catheter. In 9 of 13 PVs (69%), these potentials represented true PV

potentials that were exclusively recorded with the smaller and
closely spaced mini-basket electrodes. The authors also reported a
31% of PVP overestimation related to neighbouring structures using
the Orion catheter, so this possibility should always be ruled out by
stimulation manoeuvres and analysis of the potential propagation as
previously described.33 In this head-to-head comparison, overestima-
tion of PVI was more frequent with the CMC (20.8% vs. 0% of the
PVs).

The potential advantages of a closely spaced multielectrode system
with a basket configuration and HDM features are varied and can
mainly be explained by both the catheter construction itself and the
anatomical aspects of the PVs (Table 1). The smaller and closer intere-
lectrode spacing are subjected to less signal averaging and cancellation
effects, thus recording higher bipolar voltage amplitude. This could po-
tentially explain the improved sensitivity of the mini-basket catheter in
detecting PV potentials after RF ablation, while these are no longer
identified with a standard CMC. Also, the increased mapping resolu-
tion, potentially identifying surviving bundles that may correspond to
gaps in the ablation line may be advantageous for mapping scar areas
or acutely ablated tissue.32 Moreover, the combination of transverse
and longitudinal mapping that can provide multiple transverse planes
of activation at different levels could better detect PV potentials from
muscular sleeves, could help to further discriminate far-field from

Figure 1 Example electrograms (left panel) recorded with the Orion catheter inside the LIPV (right panel). With no need for catheter manipula-
tions or stimulation manoeuvres, recordings from a single spline can distinguish PV potentials, which propagate from proximal to distal (red arrow),
from ‘far-field’ potentials, which are simultaneous (yellow line). The PV reconnection gap at the anterosuperior level of the venous antrum can be ob-
served (black arrowhead). LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; MVA, mitral valve anulus; PV, pulmonary vein.
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Figure 2 (A) Reconnection of right superior PV in a patient with a prior cryoablation procedure. Left panel: electrograms observed within the vein
using the IntellaMap Orion catheter. Right panel: electrograms observed within the vein using a circular multipolar catheter. An atrial pacing spike
(yellow arrows) can be seen in both. With the Orion catheter it is possible to observe PV electrograms (red arrow) with the characteristic progres-
sion of near-field signals (white arrow). It was not possible to appreciate these signals with a circular mapping catheter, even after several attempts at
repositioning the catheter. A new isolation was achieved after a focal application of radiofrequency. (B) The progression of the electrical front can
also be observed with the virtual robing prove (white arrow) after the acquisition of the map. PV, pulmonary vein. Modified from Garcı́a-Bolao
et al.33
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near-field potentials (Figures 1 and 2) and avoids underdetection of
potentials caused by the orientation of the wavefront. The latter can
be more difficult with a CMC, although it can be mitigated by pacing
manoeuvres from different points of the atrium.

High-density mapping for
pulmonary vein isolation

There are several observational studies assessing the acute safety, ef-
fectiveness, clinical use and short-term outcomes of HDM with the
Rhythmia System, and the Orion mini-basket catheter on AF ablation
(Table 2). Although most of these studies showed that the system is
fast, safe, and clinically useful, there is no long-term clinical assess-
ment of the performance of this strategy. All these clinical studies
covered a wide spectrum of AF presentations, including paroxysmal,
persistent and long-standing persistent arrhythmias, and de novo as
well as redo procedures, all of them sharing the common endpoint of
PVI.

In a preliminary observation, Kosiuk et al.34 studied 36 consecutive
patients with paroxysmal or persistent AF undergoing de novo or re-
peat AF ablation, in which left atrial electroanatomical maps were ac-
quired with a mini-basket (14 patients) or with a system-specific,
magnet-enabled ablation catheter (22 patients), both with the
Rhythmia HDM system. Maps acquired with mini-basket required sig-
nificantly shorter mapping time and had higher point density, while
procedural and fluoroscopy time was higher in the mini-basket group.
Procedural endpoints and complications rates were similar in both
groups.

Rottner et al.35 studied 37 PVI patients with paroxysmal and persis-
tent AF treated with the Rhythmia compared with 37 patients using
conventional mapping with the Carto. They observed a significantly
longer total mapping time (P = 0.001), with similar total ablation time
(P = 0.707), total procedure duration (P = 0.99), and acute PVI suc-
cess between both groups. During follow-up, 84.8% of patients
remained free from any AF/AT-recurrence using Carto vs. 88.2%
when using Rhythmia (P = 0.53). The authors conclude that Rhythmia
was proved to be effective and well applicable for PVI, but more

long-term data would be mandatory before final conclusions could
be drawn.

Our group33 reported data on 62 paroxysmal and persistent con-
secutive AF patients who underwent a PVI procedure with Rhythmia
and Orion catheter. We compared this prospective cohort to a his-
torical retrospective sample of 62 consecutive patients treated by
the same operator with a conventional mapping system (Ensite
Velocity) with a standard CMC. In this study, the number of intracar-
diac electrograms per map was significantly higher in Rhythmia proce-
dures (12 125 ± 2826 vs. 133± 21 with Velocity; P < 0.001), with no
significant differences in the total procedure time or the number of
complications. Interestingly, the Orion catheter was placed for map-
ping in more PVs when compared with the standard CMC (99.5% vs.
95.61%; P = 0.04) although there were no significant differences in the
percentage of PV isolation between the two groups. To note, in redo
procedures, an ablation gap could be identified on the activation map
in 67% of the reconnected PVs compared to only 40% in the control
group; P = 0.042, which suggested the greater electroanatomical defi-
nition of HDM when compared with the standard approach.

In a subsequent work from our group,36 108 consecutive patients
with a previous PVI procedure were included in a non-randomized
study that assessed the recognition of reconnection gaps in PV by
means of HDM (with the analysis of the activation map and the prop-
agation pattern) (Figure 3) compared with a control group that re-
ceived conventional non-fluoroscopic guidance with CMC by the
same principal operator. Among the HDM group, adequate recogni-
tion of reconnection gaps (predefined as the electrical isolation of the
vein or a delay of the PV electrograms equal to or greater than 10 ms
with a change in the activation pattern of the CMC/Orion equatorial
electrograms after a single focal application of RF) was obtained in
60.99% of the reconnected PVs (86 of 141), a figure significantly
higher than that achieved with analysis of CMC recorded signals
(39.66%, 48 of 121; P = 0.001). The number of applications and total
RF time were also significantly lower in the HDM group (12.46 ± 6.1
vs. 15.63± 7.7 and 7.61 ± 3 vs. 9.29 ± 5; P = 0.02, and P = 0.03, respec-
tively). At the 6-month follow-up, a non-statistically significant reduc-
tion in AF recurrence was found (8 patients, 14.8% for the HDM
group, vs. 16 patients, 29.6% for the CMC group; P = 0.104). This fact
has to be assessed with caution, since the study did not have enough

Table 1 Potential advantages of the mini-basket with closely spaced electrodes architecture vs. a conventional CMC
for assessing PVI

Small, closely spaced electrodes that allow better discrimination of near-field PV potentials from far-field extra-PV potentials.

Combination of transverse and longitudinal mapping that can provide multiple transverse planes of activation at different levels.

High definition activation entrance and exit maps (useful for gap detection).

Easier recognition of PV-to-LA block (higher chance to achieve local PV capture due to a closer apposition of the electrodes against the PV wall).

Speed/easy to use in the LA-PV’s.

High anatomical accuracy.

Easier access to the early branching pattern in all PV’s.

Precise definition of the PV’s ostia.

Tagging transeptal puncture and mapping interatrial septum.

Possibility to use abbreviated high-density maps of the PV’s and LA-PV junction.

CMC, circular mapping catheter; LA, left atrium; PV, pulmonary vein; PVI, pulmonary vein isolation.
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statistical power to detect small differences and the therapeutic ap-
proach in the HDM group was performed without contact sensor
technology. Interestingly, although no significant differences were ob-
served in the baseline characteristics of the two groups regarding age,
sex, CHA2DS2-VASc score or type of index procedure, a higher per-
centage of reconnected PV was observed among the HDM group
(63.8% vs. 56%, P = 0.09), that could imply a greater sensitivity of the
Orion catheter when detecting remnants of unisolated PV tissue that
cannot be detected with conventional CMC, a fact that is in concor-
dance with the findings observed in Anter’s study.32

More recently, Segerson et al.37 underwent a study on 150 patients
(39 redo and 111 de novo procedures) undergoing HDM-guided PVI
and subsequent concealed low-voltage signals mapping and ablation
against a historical series of 452 control patients who underwent tra-
ditional PVI alone. During mean follow-up of 320 days, after control-
ling for baseline characteristics, the HDM group exhibited hazard
ratio of 0.19 in freedom from AF (P < 0.001). De novo patients exhib-
ited hazard ratio of 0.44 relative to redo patients in the HDM-guided
group. Both subgroups exhibited significantly lower event rates com-
pared with controls in log-rank test analysis (P < 0.001). According to
their results, ablation of these targets, interpreted by the authors as
vulnerabilities in antral lesion sets, that is to say, residual low-voltage
propagation within the PV antra after PVI was achieved, appears to
significantly improve freedom from AF compared with PVI alone.

Conclusions

High-density mapping allows for more accurate identification of PVPs
detecting potentials that remain undetected when using standard
approaches. In our experience it shows some advantages in PVI

validation, especially evident in cases of PV with low or very proximal
potentials, small veins, veins with non-circumferential muscular
sleeves and generally in all redo procedures. Observational studies
have shown that PVI with this approach is feasible and safe and one
case-control study showed a significant freedom from AF ablating
vulnerabilities in atrial lesions sets detected by HDM compared with
the standard mapping approach. However, up to date, the long-term
clinical benefit of HDM for PVI has not been proven in a head-to-
head comparison and should be addressed in prospective and ran-
domized clinical trials.
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Pulmonary vein isolation (PVI) has long been held as the cornerstone for atrial fibrillation (AF) ablation. There are patients who do not
have successful AF ablations though, especially among those with persistent AF. At the same time, the evidence suggests that ablating
beyond the pulmonary veins does not improve success rates. Two possibilities for the incomplete success rates from the procedure
are discussed: that more attention needs to be paid to PVI, optimizing delivery of durable, transmural lesions; or alternatively, shifting
the focus away from just PVI and addressing the left atrial substrate itself. These two approaches are likely complementary though,
and high-density mapping may offer us the ability to undertake them more effectively. The conclusion from this dialogue is that AF is a
heterogenous disease and key is to recognize this heterogeneity and respond to it, rather than have a standardized, dogmatic approach.
Durable PVI is clearly an important determinant of success but concurrently, we would suggest we need to go beyond this where
appropriate to maximize success rates. Clearly the challenge is defining which patients this is appropriate for and how best to do this.
Consequently, rather than being ‘the’ cornerstone of AF ablation, it is more appropriate to consider PVI as ‘a’ cornerstone of the
procedure going forwards and high-density mapping may be the key to optimizing both aspect of the procedure and in so doing
improve long term success rates.
...................................................................................................................................................................................................

Keywords Atrial fibrillation • Pulmonary vein isolation • High-density mapping • LA substrate • Ablation • Efficacy

Introduction

Atrial fibrillation (AF) is associated with significantly increased mortal-
ity1 and stroke risk2 and is a cause of increasing health care expendi-
ture.3 Catheter ablation of AF is highly effective and supported as a
treatment by international guidelines.4 The success rates from the
procedure are limited though: recent multicentre studies for patients
with paroxysmal AF (PAF) have reported single procedure 1 year suc-
cess rates, off antiarrhythmic drugs of 50–65%,5,6 with lower success
rates for persistent atrial fibrillation (PeAF), 36.4%.7 Similar results
have been reported from a large, 1300 patient, European registry:
40.7% in PAF, 30.2% in PeAF, and 36.7% for long-standing PeAF.8

In this article, two views are presented regarding where we
should focus our efforts in AF ablation to improve our success
rates: assessing and preventing pulmonary vein (PV) reconnections

or left atrial scar-guided substrate ablation, and the potential
role for high-density mapping to improve these approaches is
considered.

Pulmonary vein isolation as
cornerstone—Dr Clemens Jilek

Pulmonary vein isolation (PVI) is the cornerstone of the interven-
tional treatment of AF.9 Despite improvements in catheter and map-
ping technologies, the recurrence rate of AF remains between 30%
and 60% in the first year after ablation depending on the type of un-
derlying AF.

One factor favouring arrhythmia free survival among patients with
PAF is the complete isolation of all PVs with circumferential PV

* Corresponding author. Tel: þ442381204036; fax: þ442381208693. E-mail address: waqas@doctors.org.uk
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isolation. Circumferential PV isolation allows both isolation of focal
PV triggers and ablation/isolation of antral myocardium that plays a
role in maintaining AF by its fibre architecture.10 Patients with in-
complete isolation show an increased recurrence rate of 79.2%
compared with patients with complete isolation, with a recurrence
rate of 62.2% 3 months after ablation procedure.11 About 90%
of patients with incomplete PVI and about 70% of patients with
acute complete PVI revealed a PV reconnection in a redo proce-
dure 3 months after the index ablation procedure.11 The
PRESSURE trial12 confirmed again the key role of reconnection of
PVs triggering recurrence of PAF: patients randomized for a second
PVI procedure 2 months after index PVI irrespective of symptoms
or AF recurrence showed a significantly higher arrhythmia free
survival and lower AF burden compared with patients with index
PVI alone.

Among patients with PeAF, additional substrate modification had
no benefit in the STAR AF II trial compared with PVI alone,7 and a
stepwise approach did not provide additional benefit over PVI
alone13 and even sinus rhythm as the endpoint of the ablation proce-
dure did not perform better than PVI only.14 As PVI is not thought to
increase AF burden one may conclude that substrate modification
performed in the actual manner does not influence the arrhythmia
free survival rate among all comer patients with PeAF scheduled for
ablation. The role of substrate modification will be addressed in the
other section of the dialogue.

In the following section, we will discuss two possible factors why
catheter driven ablation of AF has low success rates:

(1) Shortcomings in the achievement of transmural, durable ablation
lesions

(2) The reliability of conventional mapping catheters in resolving gaps in
PVI circles

Pulmonary vein isolation—achieving
transmural and durable ablation lesions
Different energy forms are used for PVI including different catheter
designs: balloon-based catheters such as cryoballoon or laserballoon
maintain circumferential contact with the PV antrum, whereas tip
catheters with radiofrequency energy encircle the PVs point by point.
Midterm success rates for balloon based vs. catheter tip based PVI
are equal,6,15–17 but there are studies suggesting an advantage of
higher success with balloon based PVI. In the randomized ‘Cryo vs.
RF Trial’, the success rate after cryoballoon was higher with 67%
compared with radiofrequency with 47% 1 year after procedure.18 In
the FIRE AND ICE trial, subgroup analysis hints in the same direction:
despite being not powered for this analysis, the second generation
cryoballoon ablation showed a numerically higher success compared
with radiofrequency ablation.6

A new ablation approach is a high-power short-duration ablation
using 90 W of irrigated radiofrequency energy for 4 s. In an animal
model, the safety profile was comparable to conventional energy set-
tings but resulted in higher chronic line integrity and lesion transmur-
ality.19 The impact in humans has yet to be evaluated in randomized
trials.

A big effort is currently being made focusing on surrogate parame-
ters to predict a transmural and durable ablation lesion. Parameters
are calculated from data derived from impedance, contact force,

time, and catheter-tip temperature. Until now there is still a debate
about the parameters that have to be taken into consideration and
the absolute values or changes that predict a transmural, durable
lesion.20 Up to now, it is too early to give a final conclusion about
the impact of these parameters. One may state that, overall, con-
tact force driven PVI has not yet demonstrated any significant ad-
vantage compared with non-contact force driven PVI in
randomized trials, whereas in observational studies, adequate con-
tact force predicts a higher success rate without influencing com-
plication rate.21 A new method that is now available is local
impedance measurement that reflects catheter-tissue contact and
lesion formation in an animal model.22 A first in man cohort study
showed that local impedance gives reproducible values reflecting
scar levels and drop of local impedance gives information about tis-
sue contact and lesion formation.23 Further studies are needed to
evaluate if this new technology may predict durable and transmural
ablation lesions.

Beyond the attempt to make ablation more efficient and predict-
able, a different focus lies on identifying dormant conduction after
PVI. The hypothesis here being that the presence of dormant con-
duction may predict long-term PVI failure. Dormant conduction may
be unmasked by adenosine testing. In a meta-analysis, including five
randomized controlled trials with 2839 patients, no benefit with re-
gard to success rate could be demonstrated by additional adenosine
testing.24

Does complete pulmonary vein isolation
result in a real disconnection or do we
miss pulmonary vein potentials with
conventional mapping catheters?
Pulmonary vein isolation is confirmed by using circular multipolar
mapping catheters. Concerns have been raised about the sensitivity
of conventional mapping catheters as the surface size and the elec-
trode spacing is large and small PV potentials may be missed. This
means that PV may be interpreted as disconnected when they are ac-
tually not.

High-density mapping may give a different view on PV isolation. A
new basket-like, 64-pole catheter, ORION (Boston Scientific,
Marlborough, MA, USA) with an electrode surface area of 0.4 mm2, a

Figure 1 The ORION basket catheter with 64 electrodes with a
surface area of 0.4 mm2 (Boston Scientific, Marlborough, MA, USA).
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non-ring electrode design and a small inter-electrode spacing gives
the possibility to create high-density maps of the left atrium and the
PV ostia (Figure 1).25 The local resolution is higher with the ORION
catheter compared with a conventional catheter. This leads to a
higher detection rate of PV potentials with the ORION catheters
prior to ablation.26 After PVI, high-density voltage maps can identify
gaps non-detected by conventional circular mapping catheters
(Figure 2). In a pilot study by Anter et al.,27 22% of PV judged as iso-
lated by a conventional circular mapping catheter could be
shown to be non-isolated with the ORION catheter (Figure 3). In
redo procedures, the findings of Anter could be confirmed: high-
density catheters could significantly identify more PV gaps compared
with conventional mapping catheters.28 Due to the higher resolution
of the ORION catheter, smaller signals may be displayed in a more
detailed way allowing the identification of low voltage signals as cor-
relates of electrical conduction (Figure 4). Due to its basket design,
the ORION catheter may over detect potentials in the PV arising
from neighbouring structures as the left atrial appendage which have
to be distinguished from true PV-potential by e.g. pacing
manoeuvres.23

Considering that there are only data available from a pilot
study, there is a hint that the resolution of conventional circular
mapping catheters may be too low to identify small gaps in the
line encircling the PV ostia. Randomized studies are needed to
evaluate the impact of high-density mapping on arrhythmia free
survival.

Section conclusion
Pulmonary vein reconnection is a common clinical challenge after
PVI. New techniques such as high-density mapping catheters may act
as an eye opener for an important reason as to why reconnection of
PVs occurs so frequently: namely that gaps in the isolation lines may
be missed by conventional circular mapping catheters due to insuffi-
cient resolution.

The case for substrate-guided
ablation—Dr Waqas Ullah

Since the seminal demonstration of PV firing initiating AF29 the cor-
nerstone of AF ablation has been PVI.4 Indeed, based on current AF
ablation guidelines, ablation beyond PVI has only a Class IIb recom-
mendation.4 Technology has consequently focused on attempting to
improve our ability to isolate the PVs.5,6,30,31

Re-evaluating the importance of durable
pulmonary vein isolation
While based on established convention alone it is difficult to dispute
the importance of the PVs to AF, it would be expected that there
should be a strong relationship between chronic PV isolation and suc-
cess rates. In a 172 patient study, late-gadolinium enhancement MRI
(LGE-MRI) was used to assess left atria 3 months after ablation,

Figure 2 High-density voltage map (left side A) with confirmation of a reconnection of the right pulmonary veins (purple area in the veins marked
with red arrows) and confirmation of disconnection after ablation (right side B).
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specifically assessing for the presence of contiguous scar in the PVI
lines.32 In this study, there was contiguous encirclement of all veins
in only 15/172 patients (8.7%). At the same time, the 1 year success
rate was much higher than this at 65.1%. This implies that in a high
proportion of patients in this study the procedure had been suc-
cessful without the veins having chronically intact lines of scar.
One could argue of course that the latter is not the same as the
veins maintaining electrical isolation. In another study, patients
without AF recurrence at 1 year were invasively restudied and re-
covery of PV conduction was observed in 29/32 (90.6%) of
patients.33 This latter approach using interval electrical assessment
of PV reconnection has been subjected to meta-analysis, with the
conclusion that there was a relationship between durable PVI and
reduced AF recurrence, but this was surprisingly modest (RR 0.57,
95% confidence interval 0.37–0.86; P = 0.008); also of interest was
the finding that in 178/304 (58.6%) patients who were free of AF,
there was reconnection of at least one PV.34 These data could be
interpreted to suggest that the benefit of a PVI procedure may not
simply relate to the isolation of the veins but in fact to fortuitously
incidental modification non-PV of substrate in the process:
whether this is ganglionated plexi, rotors, or focal sources,35 is
open to speculation. One could also look at this the other way by
assessing the recurrence rate in PAF patients who have proven PV
isolation. In a trial of 56 patients with PAF, 52 had a protocol driven
restudy at around 3 months and all veins were confirmed isolated

in 32 patients. At 1 year, 28.1% of these patients had recurrent AF,
despite confirmed PVI at 3 months.36

Therefore, patients with clinical success from their ablation proce-
dures can have this without durable PVI and those with durable PVI
may not necessarily have clinical success.

The success rates for PeAF are generally worse than PAF,8 with
the assumption being that the substrate beyond the PVs is playing a
greater role in maintaining the arrhythmia in PeAF. It is based on this
assumption, rather than an alternative explanation that durable PVI is
more challenging to achieve in these patients, that clinicians have
sought to ablate beyond PVI in PeAF cases. As mentioned in the pre-
vious section of the dialogue, the STARAF II trial showed in a multi-
centre, randomized setting that there was no benefit in adding
ablation of complex fractionated electrograms or linear ablation to
PVI at 18 months’ follow-up.7 Therefore, these results could be taken
to mean that the optimal approach for ablation in PeAF patients is
PVI alone: on the other hand, the overall success rate for these
patients at 18 months was only 36.4%.

Clearly patients with AF need a more effective ablation strategy,
and even more so in the case of PeAF. It would also seem that a
more individualized approach, beyond the standard PVI may be war-
ranted in some patients. Determining who these patients are is a chal-
lenge and is clearly not contingent on our arbitrary definitions of
cases as PAF or PeAF—as a proportion of the former have AF recur-
rences despite confirmed durable PVI,36 and a proportion of PeAF

Figure 3 Comparison between mapping with a high-density basket catheter (left side A) and a conventional circular mapping catheter. Signals can
be displayed with the basket catheter but not with the conventional catheter (Copyright from Anter et al.27).
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patients have successful procedures despite only PVI being
delivered.7

Beyond pulmonary vein isolation—
triggers, focal sources, and rotors
There has been interest in non-PV trigger ablation for PAF.
Empirically isolating the superior vena cava did improve outcomes in
one study for PAF patients (but not non-PAF patients),37 but not in
another.38 Another interesting study in PAF patients found that in
those patients with non-PV triggers identified, not ablating these was
associated with far worse outcomes compared with patients with
such triggers ablated: ablating such triggers led to an equalization of
outcomes between patients with non-PV triggers identified and those
without.39 In a persistent AF ablation study, ablation of non-PV trig-
gers was associated with better outcomes than fractionated electro-
gram ablation.40 With respect to non-PV triggers, another study
found that in a mixed AF subtype patient population undergoing redo
procedures, isolating the left atrial appendage, where firing from this
was observed, was associated with better outcomes.41 The difficulty
with these more tailored invasive approaches for identifying non-PV
triggers is that the protocols involved with attempting to stimulate
such triggers are arduous, requiring multiple biatrial catheters, high
levels of clinician skill to interpret multiple signals, and there is the
possibility that in a given procedure a relevant source may not be trig-
gered and so missed.

An alternative approach which is actively being investigated for
PeAF involves panoramic mapping of AF, whether non-invasively42 or
invasively.43,44 These approaches have the advantage of incorporating
automated data processing to highlight focal sources and rotors puta-
tively driving the arrhythmia. While an impressive proportion of pro-
cedural AF termination has been observed with this approach, 72–
86%,43,45 multicentre randomized control data looking at outcomes
is lacking. Non-randomized multicentre observational data for the in-
vasive Focal Impulse and Rotor Modulation approach, demonstrated
disappointing results, with a 1 year off anti-arrhyhtmic drug single
procedure success (freedom from atrial arrhythmia) rate of 21%46;
and for a non-invasive mapping approach a success rate of 44.2%.45

These results are very much in line with preceding conventional abla-
tion studies.7,8

A possible reason for a lack of benefit from an AF panoramic-
mapping guided ablation approach could be that this approach targets
achieving AF termination through ablation. As highlighted in the pre-
vious section of this dialogue, this does not translate into increased
long-term success rates. A randomized trial comparing a strategy of
attaining AF termination through ablation vs. a standardized lesion
set in PeAF patients found no significant difference in outcomes at
1 year.47 This is in keeping with registry data,48 including a registry
studying patients ablated with a panoramic mapping strategy49 and
a sub-study of the STARAF II trial.14

The issue with pursuing rotors and focal sources is that it is possi-
ble that not all such sources are present simultaneously. Just because

Figure 4 Comparison between high-density basket catheter ORION (left side A) and a conventional circular mapping catheter (right side B) map-
ping the same location of an atrial tachycardia. The signals of the high-density catheters are sharper and rich in detail compared with the signals of the
conventional circular mapping catheter.
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one is able to terminate AF at one point in time, this does not mean
there are not other potential AF sources which happen to be inactive
at that moment capable of initiating or maintaining AF. One could
attempt to combine the panoramic mapping procedures with the
non-PV trigger stimulation protocols to see if this yields better
results, though this would not work for a non-invasive mapping
approach and would require simultaneous biatrial mapping for an
invasive panoramic mapping approach. The success of such an
approach would depend on how effectively one is able to stimulate
all relevant triggers.

The optimal approach for ablation is clearly one able to target all
potential contributors to AF at one procedure. Approaches targeting
left atrial scar, which is a fixed target may allow this to be achieved.

Left atrial scar—measurement
Structural remodelling at the tissue level occurs in patients with AF:
thick layers of fibrosis between myocytes forming collagenous septa
have been observed in the atria50 and significantly more collagen
Type I is seen in the atria of these patients compared with patients
without AF.51,52 An important question is how this scar is clinically
measured. MRI-based scar imaging is an attractive prospect as this
could be performed pre-ablation to help plan procedures, but there
are technical challenges to such imaging. These have been discussed
previously,34 and include the thinness of the left atrial wall, the difficul-
ties with gating and segmenting imaging and most importantly, lack of
standardization in distinguishing fibrotic from normal myocardium.

Indeed, in the landmark multicentre DECCAF study, 17.3% of the en-
rolled patients were excluded from the analysis due to poor quality
MRI scans.53

Voltage mapping is an alternative means of assessing left atrial scar,
with a good correlation between voltage maps and MRI scar maps.54

There are procedural challenges in collecting voltage maps though.
The contact force between the mapping catheter and the myocar-
dium is known to affect the measured voltage.55 The nature of the
electrode collecting the data also affect the maps produced, with
small electrodes producing a significantly smaller area of scar and able
to more accurately pick up lower voltage signals.56,57 In published
studies, where stated, the number of points collected to generate left
atrial scar maps is relatively low: 100–12058 in one study, 54–158
(mean 115)59 in another, and 164 ± 6860 in another. Such maps have
previously been collected manually. Automated point collection
leads to more rapid scar map acquisition: in a study comparing the
two approaches more points were collected using automated point
collection (923 ± 382.6) points compared with point by point
(228.5± 95.6 points).61 These findings as a whole are of great rele-
vance as high-density mapping technologies such as the Rhythmia
mapping system with the Orion catheter (Boston Scientific) have
now become available, which are able to collect a large number of
points by automated collection using mapping catheters with dense,
small electrodes, generating maps typically containing thousands of
points (Figure 5). This produces left atrial voltage maps, which are far
more detailed, with less interpolation, than those previously

Figure 5 Left atrial voltage map collected using a 64 pole mini basket catheter (Orion) and the Rhythmia mapping system. The map contains
24 793 mapping points. Posterior view on left and off-axis right lateral view on right. Purple areas are healthy myocardium (voltage >0.5 mv). Non-
purple areas represent varying degrees of scar, with red areas having a voltage of <0.05 mV.
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produced. Whether this level of detail provides an incremental bene-
fit for strategies involving scar ablation is an area of future inves-
tigation—one would hypothesize that having a more accurate scar
map would mean that more scar regions would be identified, and the
extent of these delineated more accurately, to better guide ablation.

One limitation to the current approaches for atrial scar delineation
is that they focus on endocardial scar. Recent work has reported
asynchrony between the endocardium and epicardium in man with a
suggestion made that this could be a driver for persistent AF.62 Such
three-dimensional re-entry would not be appreciated by our current
mapping approaches. In this respect, the growing understanding of
the three-dimensional nature of scar may be of great importance.
Scar has been described as compact, diffuse, patchy and interstitial,
and these different patterns of scar are postulated to contribute dif-
ferently to the maintenance of AF.63 In a fascinating study of ex vivo
human right atrial tissue, endocardial/epicardial optical mapping was
combined with extremely high resolution three-dimensional
gadolinium-enhanced MRI.64 This study demonstrated that transmu-
ral activation delay at increasing pacing rates was influenced by intra-
mural fibrosis, and such fibrosis also provided a substrate for
intramural micro re-entry, with ablation here terminating pharmaco-
logically induced AF.64 It may be in the future that an even more de-
tailed understanding and delineation of scar allows us to identify
accurately which sub-regions in a patch of scar are sustaining AF, by
anatomical-arrhythmic correlation, and so target them.

Left atrial scar—clinical relevance
The current literature examining the relevance of left atrial scar clini-
cally is based on MRI data and in the case of invasively determined
electrical scar, predates the use of high-density mapping and has fo-
cused on endocardial scar exclusively. While the electrical scar map-
ping approach therefore has theoretical limitations, the results as
discussed below are intriguing.

Patients with a high burden of left atrial scar as determined by con-
tact mapping have an increased likelihood of AF recurrence after ab-
lation.60 A similar finding has been found using cardiac MRI and in this
case, on multivariable analysis, MRI-determined left atrial fibrosis is
significantly predictive of recurrence, while other factors included in
the model such as AF subtype and left atrial size are not, suggesting fi-
brosis is a greater determinant of success.53 In a further MRI study, a
multivariable model was constructed including the degree of left atrial
fibrosis pre-ablation and the number of PVs with contiguous scar en-
circlement at 3 months on MRI, and the only predictive factor for suc-
cess at 1 year was left atrial fibrosis, suggesting the latter is more
important than durable PVI.32

Groups have compared atrial scar with AF sources as determined
by panoramic mapping. A higher MRI-detected left atrial scar burden
correlates with a greater number of non-invasively detected AF driv-
ers, with areas of scar having a high sensitivity (82%) but a lower spe-
cificity (65%) for harbouring sources detected on a pre-procedural
non-invasive mapping study.49 One could suggest that the latter may
be contributed to by the transience of driver sources. Similarly, in an
invasive panoramic mapping study, 85.7% of observed drivers oc-
curred in areas of scar.44 These data lend a mechanistic explanation
for the importance of left atrial scar to perpetuating AF clinically,
complementing ex vivo work,64 and giving credence to the idea that
addressing scar by ablation will significantly improve success rates for

the procedure and would have an advantage over strategies looking
for drivers as the former is fixed and the latter are less temporally
stable.

While the discussion has focused on ablation, there is also a vital
role for upstream treatment to improve AF risk factors. For instance,
treating sleep apnoea with CPAP in patients with sleep apnoea
improves ablation outcomes,65 aerobic interval training reduces time
in AF,66 and ablation outcomes as a whole have been found to be bet-
ter for patients who undergo aggressive risk factor management (in-
cluding smoking cessation, blood pressure management, and weight
loss).67 These upstream factors likely have an effect on ablation out-
comes through their effect on left atrial substrate: there is more evi-
dence of atrial remodelling and lower voltages have been observed in
the context of obesity68 and sleep apnoea69 than controls. This feeds
into the argument that left atrial substrate is a unifying predictor of
procedural success, and presents risk factor control, rather than just
ablation, as another way of treating this. Such risk factor control
would also be of continuing importance after ablation to maintain
success by preventing further substrate development post-ablation.
Consequently, management of AF in the future may be a multidiscipli-
nary approach, focusing not just on the ablation procedure, but the
expertise of several specialists to address upstream factors both pre
and post ablation.

While left atrial scar burden is predictive of ablation success, the
question is whether strategies to ablate AF which target atrial scar di-
rectly may be beneficial. Ablation of these regions has been studied in
non-randomized studies, using electrical scar to guide abla-
tion.58,59,70,71 On retrospective comparison, in one study, the success
rate in patients with low voltage zones improved from 27% to 70%
with a scar-guided ablation strategy,59 with a similar magnitude of im-
provement in another study (38% vs. 72%).71 Ablation approaches
for scar-guided ablation have varied in their approach, for example,
using the presence of low voltage areas to determine if a box lesion
should be applied—in this case if the scar is >0.5*0.5 cm70; box isola-
tion of fibrotic areas58; scar homogenization,71 and a mixture of
homogenization and lines.59 Importantly, these approaches lead to an
equalization of outcomes between patients with left atrial scar to
those without—the outcomes for the former are worse if scar is not
treated.

These non-randomized trials are encouraging, but the real test will
be when a substrate-based ablation approach is subject to prospec-
tive randomized trials. There are two such trials underway and their
results are therefore eagerly awaited. One is a prospective left atrial
voltage-determined scar ablation multicentre randomized control
trial, ERASE-AF (NCT02732626), which aims to randomize 320
PeAF patients. The other trial will be using MRI-based scar to guide
AF ablation, is currently also being investigated in the DECAAFII trial
(NCT02529319), a randomized trial, aiming for 888 PeAF patients.

Future work should focus on the impact of left atrial scar maps de-
termined by high-density mapping and the role of epicardial scar.
One would predict that high-density scar maps, by more accurately
delineating scar, will allow us to be more targeted with our ablation
allowing maximization of safety and efficacy.

Section conclusion
There is a body of evidence suggesting PVI alone may be insufficient
as a strategy for ablation in all patients. To truly improve on our
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results, we need to more effectively tailor our procedures to the indi-
vidual patient. One exciting approach to this may be atrial scar-guided
ablation. Such a strategy could identify patients needing more exten-
sive ablation prior to the procedure using MRI, or during the proce-
dure based on voltage mapping, irrespective of the PAF or PeAF label
they have been given. In the future, a greater appreciation of the
three-dimensional nature of scar, incorporating the endocardium, epi-
cardium and intramural portion of the atrium, may further refine this
approach. Randomized trials are underway to determine the efficacy
of a scar-guided ablation approach and future work will explore the
best approach to obtain scar data, specifically whether the level of de-
tail provided by high-density voltage mapping is of clinical relevance.

Conclusions

The above discussions have proposed two different approaches for
the ablation of AF. For the purposes of the dialogue they have been
posed as opposing, but this division is clearly an artificial one. AF is a
heterogenous disease and the key thing is to recognize this heteroge-
neity and respond to it rather than have a standardized, dogmatic ap-
proach. Durable PVI is clearly an important determinant of success
rates for the procedure, and our ability to achieve and assess this is
paramount. At the same time though, there is a clear need to address
other elements of the atrium to significantly increment our success
rates. The fact that ablation additional to PVI has not been shown in
randomized trials to improve success rates to date suggest that the
generic atrial defragmentation approaches studied in those trials are
incorrect. Scar-guided ablation, which is an individualized rather than
generic approach, is a potentially exciting in this respect but requires
randomized trials to confirm its utility, and requires refinement with
regard to how scar data is collected. High-density mapping technolo-
gies may help us improve both PVI and scar appraisal and conse-
quently help optimize ablation procedures and deliver the best
outcomes for our patients.

We would predict that in the future, rather than durable PVI being
‘the’ cornerstone for AF ablation, it may be relegated to simply ‘a’
cornerstone of the procedure, with the appraisal and treatment of
atrial substrate constituting the other cornerstone of a successful
procedure.
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Successful catheter ablation of scar-related atrial tachycardia depends on correct identification of the critical isthmus. Often, this is a rep-
resented by a small bundle of viable conducting tissue within a low-voltage area. It’s identification depends on the magnitude of the signal/
noise ratio. Ultra-high density mapping, multipolar catheters with small (eventually unidirectional) and closely-spaced electrodes improves
low-voltage electrogram detection. Background noise limitation is also of major importance for improving the signal/noise ratio.
Electrophysiological properties of the critical isthmus and the characteristics of the local bipolar electrograms have been recently demon-
strated as hallmarks of successful ablation sites in the setting of scar-related atrial tachycardia.
...................................................................................................................................................................................................
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Introduction

Complex atrial tachycardia (AT) are frequently scar-related, either af-
ter atrial fibrillation (AF) ablation or incisional. The success of cathe-
ter ablation depends on the precise diagnosis of the AT mechanism,
which is sometimes very challenging1 despite reliable electrocardio-
gram (ECG)-based algorithms that have been proposed and are used
in everyday practice.2–5 Recent advances in mapping resolution and
precise automatic annotation of intracardiac electrograms (EGM) are
major steps in the evolution of electro-anatomical mapping systems.6

Entrainment mapping remains very useful to select the chamber to
be mapped, to diagnose/confirm the AT mechanism and to rule out
passive loops.7

On top of these techniques precise knowledge of previously
created lesions (ablation reports, previous maps with
ablation tags, and surgical reports) along with substrate imaging
contribute to scar identification. This step plays a key role since
critical areas of arrhythmogenesis occur often in diseased
tissue where voltage is attenuated. In this article, we will review

the particularities of scar identification at the atrial level and of the
detection of viable tissue within scars by improving the signal/
noise ratio.

Pathophysiology of atrial scar

Electrical8 and structural9 remodelling are, in many cases, the sub-
strate of atrial tachyarrhythmias. Fibrosis is the hallmark of structural
remodelling10; replacement fibrosis (e.g. post-myocardial infarction)
and interstitial fibrosis (reactive—due to ageing, hypertension, ob-
structive sleep apnoea, or infiltrative—such as in amyloidosis) are
commonly described, with both types coexisting in many late-stage
conditions.11 They all have in common an increase of the extra-
cellular matrix at the expense of cardiomyocytes. Myofibroblats of
various origins synthetize collagen, which is deposited in the extracel-
lular space.12 Various factors such as pressure and volume overload
induce an imbalance between matrix metalloproteinase13 and tissue
inhibitor of metalloproteinases, leading to an insufficient degradation
of the extracellular matrix, and finally myocardial fibrosis.14
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Iatrogenic scar may be created in the atria by previous ablation
(with radiofrequency or other energy sources) or surgical inci-
sions (Figure 1). Radiofrequency catheter ablation induces acute
(coagulation necrosis15), mid-term (fatty infiltration surrounded
by chronic inflammation16), and long-term (fibrotic scar with uni-
form linear scars after linear ablation17) pathological modifica-
tions. The uniformity of these chronic lesions explain the lack of
proarrhythmic effect in the absence of ablation gaps. Cryotherapy,
through ice crystals formation and thawing yields cellular destruc-
tion in the acute phase.18 Ischaemic necrosis follows (through hae-
morrhage, inflammation, and cell-membrane disruptions) and
finally, replacement fibrosis give rise to the mature cryolesion
within weeks.19

Data about healing of post-operative cardiac wounds is scarce in
the literature.20 Proliferation of collagen epicardially, weakness due
to lack of adhesion between sutured edges, and slow development of
a neointima have been reported for atrial wall incisions.21

Clinical diagnostic methods of cardiac fibrosis include
serum markers,10 various imaging modalities,22 and histology of
endomyocardial biopsy. When assessing a proarrhrythmic sub-
strate, localization is capital and is only provided by imaging tech-
niques. Of these, late-gadolinium enhancement (LGE) in cardiac
magnetic resonance (CMR) imaging23 detects patchy and focal
areas of fibrosis while measurement of the extra-cellular volume
fraction by T1 mapping detects diffuse and microscopic cardiac
fibrosis.24

Analysis of atrial-wave amplitude on standard 12-lead surface ECG
also informs on the extent of atrial fibrosis.25–27 Shrinking of the
F-wave amplitude on the surface ECG is related to the magnitude of
the underlying atrial voltage, which is also related to the amount of vi-
able atrial muscle.25,26 It has been associated with AF duration and
patient’s age, both in V1 and II, with lower values (<0.12 mV in V1)
linked to AF recurrence after catheter ablation.25 Our group27 pro-
posed a fibrillatory wave computation in multiple leads that improved
the non-invasive prediction of ablation outcome in persistent AF.

Preprocedural imaging

While ventricular fibrosis assessment has achieved excellent results
with LGE-CMR,28,29 imaging of atrial fibrosis remains delicate.30

Several publications with a strong scientific impact proposed
LGE-CMR for detection of both pre-existing and post-ablation in-
duced atrial fibrosis. The extent of baseline LGE has been shown to
predict AF recurrence after ablation31 and may improve patient se-
lection32 for ablation procedures. LGE-CMR may also provide infor-
mation about gaps in previous ablation lines33–35; integration of these
images in 3D mapping systems may facilitate ablation procedures by
targeting the breaks visualized in the previous lesion sets.

Nevertheless, LGE-CMR for detection of atrial scar has not been
wildly adopted in clinical practice, mainly because of insufficient re-
producibility.36,37 Late-gadolinium enhancement sites on CMR were

Figure 1 (A) Voltage mapping of the right atrium (inferior view) for recurring right AT in a patient with a previous cavo-tricuspid isthmus (CTI) lin-
ear RF ablation. Complete endocardial block at the CTI is suggested by the local low voltage and widely separated double potentials (bipolar EGM)
along the line. (B) Activation mapping of the left atrium (LA) in sinus rhythm (right lateral view) in a patient with an ancient mitral valve repair. The sur-
gical report indicated a direct incision of the LA posterior to the septum, in front of the right pulmonary veins, in the Sondergaard groove. The local
block line indicated by the activation mapping (with double potentials) helps localizing the surgical scar. AT, atrial tachycardia; A/V, atrial/ventricular
EGM; EGM, electrograms; LAA, left atrial appendage; LSPV, left superior pulmonary vein; RIPV, right inferior pulmonary vein; RSPV, right superior
pulmonary vein.
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lacking in 20% of ablation lesion sets in an AF ablation patient popula-
tion, which could be due to a limitation of MRI but also to tissue re-
covery in incomplete, non-transmural reasons.38 Late-gadolinium
enhancement also correlated poorly with low-voltage areas in an-
other post-AF ablation patient series.39

Detection of atrial scar in the
electrophysiology lab: how to
choose the right catheter in order
to maximize the electrical signals

While mapping a scar-related AT, viable tissue within scars should be
detected as it may represent the critical isthmus (CI) of a re-entrant
circuit.40 Detection of low-amplitude signals is thus mandatory for
successful diagnosis. The lower threshold of recordable physiological
electric signals will be represented by the amplitude of electronic
noise, which should be minimized in order to improve the signal/
noise ratio.

The morphology and amplitude of the recorded EGM depends on
myocardial properties, wavefront direction, conducting medium,
catheter-tissue contact and orientation, catheter electrodes size,
composition, shape and inter-electrode spacing. The fundamentals of
unipolar and bipolar EGM recording are beyond the scope of this
overview article. Nevertheless data exists proving that mapping with
small closely spaced electrodes can improve mapping resolution,
which is of capital importance within areas of low voltage.41

Until a very recent past (e.g. 5 years) the standard catheter for
mapping was (and still is in a number of centres and/or clinical situa-
tions) a linear catheter with a 3.5 mm tip electrode separated by
2 mm for a proximal 2 mm electrode (i.e. Navistar/ThermoCool/
SmartTouch, Biosense-Webster; BW). This results in an interelec-
trode distance (centre-to-centre) of 4.75 mm. More recently, multie-
lectrode mapping using 1 mm electrode catheters with a 2 mm
interelectrode spacing (3 mm centre-to-centre; PentaRay, BW) have
been introduced and widely used along with the advent of automatic
annotation of EGM. A comparative study in normal atria with simulta-
neous mapping by both catheters found a very similar normal cut-off
for bipolar voltage for both catheters (0.48 vs. 0.52 mV, P = 0.65 in
the right atrium and 0.50 vs. 0.52 mV, P = 0.80 in the left atrium41),
suggestive that the inferior limit of the bipolar voltage EGM is inde-
pendent of the mapping electrode dipole size and spacing (within
these above-mentioned ranges).

If a higher mapping density was expected with the multipolar cath-
eter,42 several other results41 emphasize the importance of smaller
size—closely-spaced electrodes when mapping scar-related AT. In
these conditions, EGM duration is shorter (by eliminating far-fields
and minimizing the mapped area by each point), delineation of low-
voltage areas is improved (abnormal, low-voltage, as well as dense-
scar areas are smaller), late potentials and EGM fractionation are
more frequently recorded. The authors41 elegantly demonstrated
that not the mapping density, but the smaller electrode size and inter-
electrode spacing were responsible for the resolution improvement,
especially within scarred tissue. Another important finding was that
mapping with a linear ablation catheter (3.5-2-2 mm dipole) demon-
strated lower mean voltage of the fractionated EGM, limiting

accurate activation time annotation. Overall, in severely scarred atria,
54.4% of all data points recorded with 2-2-2 mm dipoles had distinct
EGM that allowed annotation vs. 21.4% of all low-voltage points
recorded with linear catheters (P = 0.02).41 A lower atrial pacing
threshold was also demonstrated with this type of catheter.

The more recent 64-pole basket mapping catheter (IntellaMap
OrionTM, Boston Scientific; BS) further improved these aspects
(Figure 2). It incorporates very small, flat (0.4 mm2; 2.5 mm spacing),
unidirectional electrodes.43,44 Owing to their exclusive location on
the external side of the splines, they are structurally less influenced
by noise and far-field signals. Maps produced experimentally with the
Rhythmia mapping system (BS) using this catheter had an unprece-
dented EGM resolution (2.6 mm), the noise was very low (<0.01 mV)
and were highly accurate, without need for manual reannotation.
EGM along the lines of conduction block demonstrated double
potentials while EGM recorded at the level of gaps exhibited fusion
of double potentials. The initial experimental results have been vali-
dated clinically in a prospective setting,1 with a mapping resolution of
209± 128 points/cm2. By recording higher bipolar voltage EGM, it
has also been reported that, compared with Lasso (BW), the minibas-
ket catheter has improved sensitivity in detecting PV potentials after
RF ablation.45

Background noise limitation

Electrical noise is the other aspect of the signal/noise ratio; artefacts
may have various origins and may bias EGM interpretation.
Electromagnetic fields and intermittent connections are the main
causes of noise interference in the electrophysiology lab. If poor cable
connections, surface ECG leads and catheter handles can be easily
managed, electromagnetic noise sources are more difficult to sup-
press. A set of measures contribute to noise reduction before the sig-
nal amplification process: correct routing of the intracardiac,
radiofrequency and ECG cables without floor contact, isolation of
power cables away from signal cables, and careful skin preparation.
Intracardiac noise may also be reduced by using an indifferent unipo-
lar electrode inside the inferior vena cava, deep sedation, or general
anaesthesia.

Despite all these measures, in many laboratories background noise
(BGN) still persists at levels that might be comparable to the magni-
tude of the smallest electrical signals from viable tissue within the
scar (Figures 2 and 3). Noise levels have rarely been the subject of
published research. In a recent study from our group,1 we measured
the electronic noise on the Rhythmia system using the voltage cal-
lipers with adequate amplification and speed. From the bipolar EGM
acquired during scar-related AT with the Orion catheter, BGN was
assessed at six pre-specified sites for the left atrium (mid-roof, mid-
posterior wall, posterior mitral annulus, inter-atrial septum, mid-
anterior wall, and appendage) and four pre-specified sites for the RA
(cavo-tricuspid isthmus, septum, appendage, and crista terminalis).
The BGN was also assessed on the bipolar EGM recorded with a
standard decapolar catheter (2 mm ring electrodes and spacing) and
on the surface ECG.

Background noise ranged from 10 to 12lV (0.011 ± 0.004 mV) for
the basket catheter EGM, without significant differences between
sites (Figure 2). It is worth noting that this value is much lower than

Scar identification, quantification, and characterization in complex AT i23

EP-614903-AA



Figure 2 The fully deployed 64-pole basket mapping catheter (IntellaMap OrionTM, Boston Scientific; BS) and size/spacing of the unidirectional
electrodes. Examples of intracardiac EGM and bipolar noise level at various atrial sites. A/V, atrial/ventricular EGM.

Figure 3 (A) Anterior view of left atrial (LA) voltage (upper image) and activation mapping (lower image) during clockwise perimitral flutter (cycle
length 490 ms) in a patient with previous pulmonary vein isolation and severe dilation of the LA. The map was acquired with the PentaRay catheter
and the Confidense module of Carto 3 (Biosense-Webster). The dense scar threshold was lowered to 0.01 mV. A wide scar area is visualized at the
level of the anterior wall, without distinguishable endocardial gap at this level. Entrainment confirmed that both septal and lateral aspects of the mitral
valve were in the circuit and endo-epi ablation at the mitral isthmus was successful. (B) Antero-superior view of left atrial (LA) voltage (upper image)
and activation mapping (lower image) during anterior wall clockwise macro-re-entrant AT (cycle length 460 ms). The map was acquired with the
Orion catheter and the Rhythmia system (Boston-Scientific). The dense scar threshold was also set to 0.01 mV. There is a large scar on the anterior
wall of the LA extending to the roof with a low-voltage gap in its superior part (despite very low bipolar EGM amplitude of 0.08 mV at this level, the
signal/noise ratio = 10). Ablation at this level successfully terminated the tachycardia. LAA, left atrial appendage; LSPV, left superior pulmonary vein;
RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein.
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nominal setting of ‘dense scar’ in the mapping systems (generally
0.03–0.05 mV). The small, flat (unidirectional) and closely spaced
electrodes of the Orion had less noise than that of the standard
decapolar catheter (0.016 ± 0.019 mV) and the surface ECG leads
(0.02± 0.01 mV) acquired on the Rhythmia system (P = 0.00009).1

This unprecedented low level of BGN opens new possibilities for
efficient mapping of viable tissue within scar, by appropriated thresh-
olding of ‘dense scar’ to lower levels, closer to BGN.

Scar detection by bipolar voltage
mapping and scar thresholding

Ventricular cut-offs for scar detection by endocardial bipolar voltage
mapping were proposed by Marchlinski et al.,46 but limited data exists
for the atria. A recent study47 reported values for delineating inexcit-
able dense scars in patients undergoing AF ablation ranging from
0.15 mV to 0.45 mV using the Carto system (BW). Ultra-high density
mapping data for scar detection has even less been reported. In a ven-
tricular scar animal model, scar detected by the Rhythmia system us-
ing the basket for mapping correlated best with the magnetic
resonance imaging.48 A small series49 found an excellent correlation
between scar-distribution on CMR and high-density voltage mapping
using the Rhythmia system during AT, with a bipolar cut-off of 0.5 mV.

In the previously mentioned scar-related AT series,1 using a bipolar
cut-off of 0.5 mV the extent of low-voltage areas was very important
[58± 25% of the left atrial (LA) surface]. A commonly used dense-
scar thresholding approach (e.g. with a cut-off of 0.05 mV) yielded a
result of the ‘dense-scar’ extent of 22 ± 16% of the LA surface. We
proposed a patient-specific scar-thresholding process. Thus, after
map completion, dense scar thresholding was performed in each
case wherever necessary (Figure 3B). The ‘confidence mask’ parame-
ter was than fine-tuned and lowered as much as needed (but above
the BGN) to visualize the entire circuit for each AT. Dense scar
threshold (‘confidence mask’) was established at 0.016± 0.009 mV
(median 0.015 mV). Only 12 ± 8% of the LA surface remained inferior
to the patient-specific dense scar threshold; a supplemental 10% of
the LA surface became thus accessible to analysis and activation inter-
pretation compared with the standard 0.05 mV threshold.

A recently developed technology may bring new insights into scar
detection through electrical coupling analysis.50 The measure of the
local (bipolar) impedance provides information about the catheter-
tissue contact and its decrease is experimentally correlated with the le-
sion size.50 The ongoing LOCALIZE study (ClinicalTrials.gov Identifier:
NCT03232645) will correlate these innovative parameters with gap
localization after PV ablation in paroxysmal AF patients. Above these
features, local impedance values have informative potential about the
stiffness of the tissue and may indirectly assess the extent of fibrosis.

Detection of critical isthmus of
atrial tachycardia allows targeted
ablation

Critical isthmus of macro-re-entrant AT is a region of significant nar-
rowing and/or slowing of the wavefront. The hallmark characteristics

of the CI are lower voltage and slower conduction.40,51,52 Ultra-high
density mapping brought new insights into these characteristics. We
demonstrated that bipolar EGM at the CI systematically show low
voltage (0.08± 0.11 mV), prolonged duration with multicomponent
signals (100± 63 ms, covering 35 ± 18% of the cycle length), and sig-
nificantly lower conduction velocity than the adjacent segments of
the circuit: 0.27 ± 0.19 m/s, lower than orthodromically before
(1± 0.49 m/s, P < 0001) or after the CI (1± 0.73 m/s, P < 0001).1

Interestingly, in our series, 50% of the AT had bipolar EGM amplitude
within the CI of less than 0.05 mV, and in 27% of less than 0.03 mV;
activation mapping would not have been diagnostic in these cases
with the higher bipolar dense scar threshold (such as 0.03 mV or
0.05 mV, which are generally used).

A recent very elegant study53 based on ultra-high density activa-
tion mapping of AT demonstrated that the association of low voltage
(0.07 ± 0.05 mV) and long duration (121± 11 ms) of bipolar EGM is
specific for slow conduction areas (0.08± 0.02 m/s) and help discrimi-
nate fractionated potential due to slow conduction from wavefront
collision/friction and pivot sites (e.g. at the extremity of a block line).

Ablation at the CI is highly successful.1,54 On top of entrainment
mapping techniques, identification of CI within scars by activation
mapping and EGM characteristics may be particularly helpful.

Conclusion

Scar characterization in complex AT aims to detect viable conducting
tissue in a low-voltage area. All the technical measures improving the
signal/noise ratio address this objective. Critical area of arrhythmo-
genesis are often located in theses area, and their ablation, after con-
firmation of their critical role in scar-related AT, is highly successful.

Conflict of interest: D.G.L. and S.-S.B.: consulting fees for Boston
Scientific.
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Electrophysiology and Ablation Unit, F-33600 Pessac, France; 3University Bordeaux, Centre de recherche Cardio-Thoracique de Bordeaux, U1045, F-33000 Bordeaux, France;
and 4INSERM, Centre de recherche Cardio-Thoracique de Bordeaux, U1045, F-33000 Bordeaux, France

Received 4 April 2018; editorial decision 27 June 2018; accepted 13 August 2018

Successful mapping and ablation of ventricular tachycardias remains a challenging clinical task. Whereas conventional entrainment
and activation mapping was for many years the gold standard to identify reentrant circuits in ischaemic ventricular tachycardia abla-
tion procedures, substrate mapping has become the cornerstone of ventricular tachycardia ablation. In the last decade, technology
has dramatically improved. In parallel to high-density automated mapping, cardiac imaging and image integration tools are increas-
ingly used to assess the structural ventricular tachycardia substrate. The aim of this review is to describe the technologies underly-
ing these new mapping systems and to discuss their possible role in providing new insights into identification and visualization of re-
entrant tachycardia mechanisms.
...................................................................................................................................................................................................
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Introduction

Mapping and ablation of reentrant ventricular tachycardia
remains a challenging task and may be difficult to achieve, partic-
ularly as it requires full comprehension of underlying mecha-
nisms which maintain the tachycardia circuit, as well as suitable
ablation strategies. For many years, conventional electrophysiol-
ogy manoeuvers such as entrainment mapping and stimulation
manoeuvers were the gold standard for identification of relevant
reentrant circuits.1,2 Over the years there have been many
advances in mapping and imaging technologies, which have
allowed improvements in the efficacy of ventricular tachycardia

ablation procedures. The first electroanatomic mapping systems
were able to provide basic information about electrical conduc-
tion, voltage, and anatomy.3,4 More recently, high-density multi-
electrode mapping catheters have been increasingly used in
clinical electrophysiology practice. As several thousand electro-
grams can be recorded within short time, multi-electrode cathe-
ters are frequently used in combination with mapping algorithms
that automatically annotate recorded electrograms and promise
to create fast, precise maps with less interpolation. As a result,
high-density ventricular maps, consisting of several thousand an-
notated electrograms, can be generated, allowing unique insights
and visualization of ventricular tachycardia mechanisms.
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Clinical challenge and necessary
developments

Entrainment and activation mapping can model a ventricular tachy-
cardia circuit including its critical isthmus, bystanders, entrance, and
exit sites. These conventional strategies were the gold standard in
ventricular tachycardia ablation procedures for many years.
However, they were limited by the inducibility of clinical arrhythmias,
and are only possible for haemodynamically tolerated tachycardias.
As a result of this clinical challenge, substrate based mapping, and ab-
lation concepts [local abnormal ventricular activation (LAVA) abla-
tion; late, split, or fractionated potentials; ablation in low-voltage
areas; core isolation or channel based on imaging] have been devel-
oped in order to overcome these limitations.5–7 These substrate
mapping-based approaches have become the new cornerstone of
current ventricular tachycardia ablation procedures.8

Although these substrate-based approaches have been proven to
be effective in ischaemic ventricular tachycardia patients, recurrence
of arrhythmia is still common.9,10 One limitation of substrate-based
approaches is that radiofrequency ablation may be unnecessarily de-
livered in areas that are not related to current or future clinical tachy-
cardias. Furthermore, lines of block, which define the protected
isthmus of a reentrant tachycardia, may not be anatomically fixed but
rather be partially functional, and thus not identifiable when perform-
ing substrate mapping in sinus rhythm. Even anatomically fixed isthmi
may be masked within global ventricular activation depending on acti-
vation wavefront propagation.11,12 Thus, activation mapping remains
a complementary strategy, which can allow a more refined substrate
based ablation or for identification of the specific substrate sustaining
the clinical ventricular tachycardia.

As a result, there is an increasing need to develop new technolo-
gies which allow rapid and precise identification of arrhythmia sub-
strate, as well as more detailed activation mapping of arrhythmias.
These developments include hardware (multi-electrode mapping
catheters with sufficiently small electrodes and close interelectrode
spacing), and software components (automatic electrogram detec-
tion and annotation algorithms). The combined application of these
hardware and software components is claimed to provide automated
fast electrogram collection, annotation, and visualization.

In parallel with advances in intraprocedural mapping technology,
cardiac imaging plays a crucial role for the assessment of structural
ventricular tachycardia substrate. Current electroanatomic mapping
systems provide real-time integration of electroanatomic data and
precise preprocedural imaging of cardiac anatomy. Assessments of
the relative merits of these technologies for specific clinical situations
are critical. Where mapping technologies are used for ischaemic ven-
tricular tachycardia ablation procedures, we know that identification
and ablation of reentrant tachycardia entrance, isthmus, and exit sites
is independently associated with prevention of recurrence of the ini-
tial clinical ventricular tachycardia.13 This makes identification and tar-
geted elimination of ventricular tachycardia isthmus sites the minimal
procedural endpoint of ablation procedures. Isthmi are often located
in so-called scar and low-voltage areas. Adequate sensing of low-volt-
age potentials, with fractionation and amplitudes which can be less
than 0.1 mV, has required new catheter designs. The development of
smaller electrodes and shorter interelectrode distances has

improved nearfield electrogram detection and reduced the sensitivity
to far field signals, as depicted in Figure 1.14

High-density automatic mapping
technologies for isthmus
visualization

The large number of recorded electrograms acquired by multi-elec-
trode mapping catheters makes automated analysis and annotation a
necessity. Consequently, new computer-assisted mapping algorithms,
which detect and annotate electrograms automatically, have been de-
veloped and integrated into current 3D navigation systems.
Ultimately it is the combined use of both a modern multi-electrode
mapping catheter and an automatic annotation algorithm in the asso-
ciated 3D navigation system, which facilitates the generation of high-
density ventricular maps.

Currently, there are three clinically available combinations of
multi-electrode catheters and 3D mapping systems featuring high-
density mapping capabilities: IntellaMap Orion þ Rhythmia HDx
(Boston Scientific, Cambridge, MA, USA), PentaRay þ CARTO3v6
(Biosense Webster, Diamond Barr, CA, USA), and HD Grid þ
EnSite Precision (Abbott, Chicago, IL, USA).

Recent studies have described the use of Rhythmia and CARTO3
(in combination with Ripple Mapping) to guide ventricular tachycardia
ablation.

Both systems allow electrogram collection using multi-electrode
mapping catheters and contain new electrogram detection and anno-
tation algorithms that overcome the limitations of conventional acti-
vation mapping as described above. Electrogram detection can be
adjusted patient by patient, using filter settings based on electrogram
morphology, cycle length duration, or stability criteria.

CARTO3 Ripple Mapping visualizes electrical activation as ‘bars’
that are projected onto the acquired anatomy. The height of each bar
is displayed proportionally to bipolar voltage at each location over
time, rather than depicting each electrogram as a single onset time
and voltage. When multiple electrograms are collected in a dense
and even spread across the map, a visual effect of passing wavefronts
is created while the movement of bars traverses from one area to
the next (‘Ripples’). In contrast to activation mapping, where electri-
cal activation is visually represented as a colour-gradient relative to a
chosen window-of-interest, which is linked to fixed temporal refer-
ences, ripple bars are analysed in relation to each other. Ripple map-
ping therefore claims to be the only mapping algorithm that
simultaneously visualizes both voltage and electrical activation, while
the sequence of bar movements defines local activation direction
across all areas. Thus, Ripple mapping may show multiple small,
slowly oscillating ripples indicating fractionated signals (such as in a
ventricular tachycardia isthmus), or single tall ‘up and down’ bars indi-
cating noncomplex signals in ventricular tissue with normal electrical
conduction properties.15–17

Rhythmia HDx mapping technology is based on a similar principle
to Ripple mapping. Each location of an annotated electrogram is dis-
played accordingly to a colour-gradient over time, which allows visu-
alization of advancing wavefront directions and conduction velocity
in these directions. Rhythmia activation mapping is usually performed
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using the proprietary 64 mini-electrode basket catheter (IntellaMap
Orion, Boston Scientific, MA, USA), consisting of eight splines, each
containing eight miniaturized electrodes (interelectrode spacing =
2.5 mm, electrode surface area = 0.4 mm2). Local electrogram activa-
tion is determined based on a combination of the bipolar and unipo-
lar electrograms and timed at the maximum negative dV/dt of the
local unipolar electrogram. At sites with multi-component or frac-
tionated bipolar potentials, the activation time is determined by the
maximum negative dV/dt of the corresponding unipolar electrogram
and the system can consider the timing of electrograms in the adja-
cent area. The low-noise level of the Rhythmia HDx system
(<0.01 mV) allows the recording of very low amplitude electrograms.
This may prove especially effective in activation mapping of the
scarred ventricular myocardium of post-infarct patients.18,19

Although the utilization of the EnSite Precision system was not spe-
cifically reported for ventricular tachycardia isthmus visualization by
now, published studies confirm that its implemented automatic map-
ping technology (‘AutoMap’) facilitates a similar multi-fold increase in
the number of collected mapping points and a decrease of procedure
time. When compared to other mapping systems, the catheter com-
patibility of the EnSite Precision system is more diverse. As the catheter
localization technology of the EnSite Precision system is based on elec-
trical impedance measurements, the system and its automatic mapping
algorithm is technically compatible with almost all types of catheters.

The localization technology of the other mapping systems is based on
electromagnetic localization, which is mainly compatible with purpose-
built catheters only. However, electromagnetic tracking results in bet-
ter technical accuracies and impedance based tracking may be more
sensitive to patient movements, volume shifts, and respiration. 20,21

An example of high-density mapping of reentrant ventricular
tachycardia, including visualization of the protected isthmus, is
depicted in Figure 2.

Experience from in vivo studies
using high-resolution mapping
systems

Recently, Anter et al.19 used the Rhythmia HDx mapping technology
to characterize the electrophysiological properties of post-infarction
reentrant ventricular tachycardia circuits in a porcine model. The
authors report that activation mapping of scar related ventricular
tachycardias was feasible using the high-resolution technology, result-
ing in very detailed visualization of the reentrant circuits. The system
allowed the visualization of distinct electrophysiological elements of
the mapped reentrant circuits, including the entrance site of the
wavefront, the protected isthmus surrounded by mostly functional
lines of block, as well as the exit site and outer loops.

Figure 1 Nearfield and farfield components of an electrogram recorded at the same site in a low voltage are using a multi-electrode mapping cath-
eter (A, ‘IntellaMap Orion’, Boston Scientific) or a standard ablation catheter (B, ‘Thermocool’, Biosense Webster). FF, farfield; NF, nearfield.
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Entrance sites had the slowest conduction velocities within the re-
entrant circuit. The common channel was surrounded by lines of
functional block and had an almost normal conduction velocity.
Conduction velocities within the circuit were found to be dynamic
and not geometrically fixed. When comparing high-density activation
mapping to classical entrainment mapping of the circuit, the authors
observed an overestimation of isthmus dimension with entrainment
mapping. Specifically, the exit sites were localized further from the
isthmus of the circuit during entrainment mapping when compared
with activation mapping using the Rhythmia mapping system.
Deceleration conduction zones are generally attractive sites for tar-
geted ablation, so high-resolution mapping and visualization of these
areas may be a promising strategy to guide ablation.22

Martin et al.22 firstly used the Rhythmia HDx technology for a de-
tailed description of human ventricular tachycardia isthmus morphol-
ogy in post-infarct patients. Their in-human Rhythmia activation maps
showed wavefronts entering and exiting the protected isthmus at
multiple points. In concordance with the data from Anter et al.,19 a
pattern of activation wavefront slowing at isthmus entrance and exit
sites, with relative preservation of conduction velocity in the pro-
tected isthmus, was observed. Reentry exit sites were activated at
77% diastolic interval, and activation of isthmi occurred largely in dias-
tole. Activation of entrance sites was more variable, and frequently
overlapped with the preceding QRS complex. Almost one-third of
isthmi showed a tortuous course (defined as >90� change in activa-
tion direction within the isthmus) and two-third of mapped isthmi
had one or more dead ends of activation, indicating that protected
isthmus topography is more complex than previously described.23,24

The first detailed in-human experience with high-density mapping
of post-infarct reentrant circuits with CARTO3 Ripple mapping was
recently described by Luther et al.24 Applying this mapping technol-
ogy in clinical electrophysiology (EP) procedures allowed identifica-
tion of channels and protected isthmi. In concordance with the

findings of Martin et al. and Anter et al., mapping identified functional
lines of block harbouring the protected isthmus.25

Recent studies also implemented extra-stimuli protocols in the
use of 3D mapping systems in order to identify functional conduction
block and unmask ventricular tachycardia substrate in ischaemic and
non-ischaemic ventricular tachycardia patients. Ablation of these
identified areas resulted in a significant reduction of ventricular tachy-
cardia burden.26–28 Especially in non-ischaemic cardiomyopathy
patients, ventricular tachycardia circuits may involve endocardial but
also epicardial substrate. Data presented by Hutchinson et al.29 dem-
onstrate that epicardial substrate can be identified using the larger
electrical field of view of endocardial unipolar voltage mapping, also
in areas of normal bipolar endocardial voltage amplitude. However,
electroanatomic mapping systems are still limited in their ability to
detect intramural and non-transmural scars.

Image integration for ventricular
tachycardia isthmus visualization

For many years the function of cardiac imaging was mainly limited to
determining the underlying aetiology and prognosis of patients pre-
senting with ventricular tachycardia arrhythmias. Currently, in parallel
with advances in electroanatomic mapping technologies, the role of
cardiac imaging is expanding from a tool for diagnosis of left ventricu-
lar dysfunction and scar burden to one providing specific anatomical
guidance for ventricular tachycardia ablation procedures.30

Image integration techniques, which combine different imaging
modalities [computed tomography (CT), magnetic resonance imag-
ing (MRI), electroanatomic mapping, fluoroscopy], have been proven
to provide added value and information to EP ablation procedures.31

Information on vascular access, cardiac anatomy including myocardial
scar and electrophysiological ventricular tachycardia isthmi can be

Figure 2 (A) A high-density Rhythmia activation map of perimitral reentrant ventricular tachycardia is shown. The dashed white line demonstrates
the reentrant circuit as assessed by activation mapping. The dashed black line represents a functional line of block. (B) Recorded electrograms during
activation mapping are shown. The color-coded reentrant cycle of A is shown as a scale on top of B. Electrograms recorded at entrance, isthmus, and
exit sites with corresponding early, mid-diastolic, and late timing of local electrograms.
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acquired using preprocedural imaging.30–35 Recent work by
Yamashita et al. investigated the usefulness of image integration dur-
ing ventricular tachycardia ablation procedures. The systematic appli-
cation of MRI and CT image integration was found to be feasible in a
large series of patients. Integrated imaging provided information on
substrate in ischaemic and non-ischaemic cardiomyopathy (NICM)

patients, and impacted procedural management particularly in NICM
procedures.30,31

Furthermore, integrating information on substrate, derived from late
gadolinium enhancement cardiac MRI, to guide ventricular tachycardia
ablation in electroanatomic mapping systems, has been shown to signifi-
cantly improve rates of non-inducibility and arrhythmia-free survival.7,33

Figure 3 (A) Wall-thinning mapping (3 mm and 4 mm thickness, dark areas) is integrated into CARTO3 navigation, posterior-inferior view. The lo-
cation of the predefined isthmus (white line) was confirmed by high-density activation mapping. Targeted isthmus ablation using a contact force sens-
ing catheter. The blue markers depict sites in which LAVA electrograms were identified in SR. (B) The clinical VT morphology during activation
mapping is shown. LAVA, local abnormal ventricular activation; SR, sinus rhythm; VT, ventricular tachycardia.

Figure 4 (A) An anterior-inferior image integration view of a preprocedurally acquired CT dataset during an ischaemic ventricular tachycardia abla-
tion procedure in a patient with left-inferior myocardial infarction is shown. The ECG-gated contrast-enhanced CT delineates myocardial scar (identi-
fied as areas of wall thinning <5 mm). Wall thickness mapping shows six anatomic isthmi (white lines) of relatively preserved thickness between areas
of severe thinning. The wall thickness map, derived from the CT dataset, is merged with an anatomical map of the patient’s left ventricle is shown. (B)
The corresponding LV voltage map is shown. CT, computed tomography; LV, left ventricle.
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Myocardial wall thinning <_5 mm, as assessed by CT cardiac imag-
ing, is associated with scar and LAVA in ischaemic cardiomyopathy
patients.34 Ghannam et al. correlated electroanatomic mapping data,
obtained during ventricular tachycardia ablation procedures, with
wall thinning as determined by cardiac computed tomography. In
84% of ventricular tachycardias, ablation targets were found on isthmi
as identified in the processed wall thinning CT dataset. Ablation of
these targeted locations resulted in a post-ablation non-inducibility in
73% of patients. The authors conclude from this data that ridges of
myocardial tissue, as assessed by CT imaging, are often part of critical
reentrant circuits in post-infarction ventricular tachycardia patients.35

CT image processing was performed, as previously described, using a
proprietary software (MUSIC software, IHU LIRYC Bordeaux and
Inria Sophia Antipolis, France).36

Image integration of the structural ventricular tachycardia sub-
strate, as defined by non-invasive preprocedural CT imaging, with
intraprocedural invasive electroanatomic mapping, may identify tar-
gets of ablation therapy preprocedurally, thereby has the potential to
enhance safety and efficacy of ablation procedures. Figures 3 and 4
illustrate the clinical use of this technology.

Limitations of advanced mapping
technologies

Although high-density visualization resulting from automatic mapping
may intuitively promise effective and precise ablation strategies, this
is not yet proven by long-term outcome data. In clinical practice it is
important to recognize that mapping is still dependent on underlying
technologies. For example, the automatic annotation of low-
amplitude fragmented signals as well as the discrimination between
nearfield and farfield electrograms may sometimes fail particularly in
borderzone area. A suboptimal catheter contact or catheter designs,
which are not precisely adapted to delicate anatomical structures,
may result in falsely low-amplitude measurements and incorrect scar
detection. This is why signal characteristics are more important that
voltage alone. Thus, a careful review of automatically acquired maps
still remains mandatory.

Discussion

When utilizing advanced mapping technologies in clinical practice, it
is important to recognize that their visualization and evidence is still
dependent on the quality of the underlying technologies and data
processed in the applied algorithms. This underlines the general need
for high-density mapping and effective data processing algorithms to
incorporate the acquired electrograms into consistent maps. In the
interim, a careful review of acquired maps remains mandatory in clini-
cal practice. Nevertheless, new high-density mapping technologies
have overcome the main limitations of conventional activation map-
ping in reentrant tachycardias, as they operate independently from
temporal references and have a visualization approach which appears
to be intuitive and close to reality (Figure 2).17,19

In addition, each imaging and mapping modality is also affected by
the underlying physics, resulting in specific effects on data acquisition
and visualization. The use of image integration techniques in

ventricular tachycardia ablation procedures may combine their spe-
cific advantages and create an added value to the procedure
(Figures 3 and 4). Recently published studies have demonstrated that
high-density mapping and image integration techniques facilitate reen-
trant tachycardia mapping and isthmus detection. Use of CT-based
image integration techniques and high-density mapping of ventricular
scar, followed by complete LAVA elimination have been proven to
be independent predictors of ventricular tachycardia-free survival af-
ter catheter ablation for post-myocardial infarction ventricular tachy-
cardia.36 However, further prospective studies will be required to
validate the impact of these new, technology-based workflows of tar-
geted catheter ablation on patients’ long-term outcome.

Conclusions

Mapping and ablation of ventricular tachycardias still remains a chal-
lenging clinical task. Advances in cardiac imaging, mapping technolo-
gies, and image integration techniques improved the understanding
and visualization of mechanisms, anatomy, and conduction character-
istics of ventricular tachycardia isthmi, which offers a more precisely
targeted ablation of underlying reentrant circuits. However, its
impact on patients’ long-term outcome still needs to be assessed,
therefore further prospective studies are required.
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Aims A novel measure of local impedance (LI) has been found to predict lesion formation during radiofrequency current
(RFC) catheter ablation. The aim of this study was to investigate the utility of this novel approach, while comparing
LI to the well-established generator impedance (GI).

...................................................................................................................................................................................................
Methods
and results

In 25 consecutive patients with a history of atrial fibrillation, catheter ablation was guided by a 3D-mapping system
measuring LI in addition to GI via an ablation catheter tip with three incorporated mini-electrodes. Local imped-
ance and GI before and during RFC applications were studied. In total, 381 RFC applications were analysed. The
baseline LI was higher in high-voltage areas (>0.5 mV; LI: 110.5 ± 13.7 X) when compared with intermediate-voltage
sites (0.1–0.5 mV; 90.9 ± 10.1 X, P < 0.001), low-voltage areas (<0.1 mV; 91.9 ± 16.4 X, P < 0.001), and blood pool LI
(91.9 ± 9.9 X, P < 0.001). During ablation, mean LI drop (�LI; 13.1 ± 9.1 X) was 2.15 times higher as mean GI drop
(�GI) (6.1 ± 4.2 X, P < 0.001). Baseline LI correlated with �LI: a mean LI of 99.9 X predicted a �LI of 12.9 X [95%
confidence interval (12.1–13.6), R2 0.41; P < 0.001]. This relationship was weak for baseline GI predicting �GI (R2

0.06, P < 0.001). Catheter movements were represented by rapid LI changes. The duration of an RFC application
was not predictive for catheter–tissue coupling with no further change of �LI (P = 0.247) nor �GI (P = 0.376) dur-
ing prolonged ablation.

...................................................................................................................................................................................................
Conclusion Local impedance can be monitored during ablation. Compared with the sole use of GI, baseline LI is a better pre-

dictor of impedance drops during ablation and may provide useful insights regarding lesion formation. However,
further studies are needed to investigate if this novel approach is useful to guide catheter ablation.
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Introduction

Radiofrequency current (RFC) is the most widely used energy form
to perform catheter ablation of cardiac arrhythmias.1 Radiofrequency
current energy creates myocardial lesions by resistive heating of the
myocardial tissue, followed by heat conduction to the adjacent tis-
sue.1 To date, impedance places an important role in lesion formation
during RFC ablation2–4: first of all, better contact with the tissue
causes higher impedances.5 Secondly, to create adequate, deep

lesions by resistive heating, a sufficient resistive load (which is equiva-
lent to a high impedance) is well known to be required at the cathe-
ter–tissue interface.5,6 Thirdly, a drop of impedance during energy
delivery is predictive for lesion formation as it implicates damage to
the underlying tissue.6,7 Therefore, changes of resistivity directly re-
veal information about electrical coupling between the catheter tip
and underlying tissue.6,7

Several technologies have attempted to measure the resistive load
at the catheter–tissue interface via impedance. Radiofrequency
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current generators measuring transthoracic impedance of the energy
delivery pathway from an ablation catheter tip electrode to an indif-
ferent electrode on the skin are well established.6 While RFC genera-
tors measure a modest impedance difference between blood and
tissue, significant variation in the bulk of transthoracic impedance (in-
cluding muscle, lung, and bone impedance) limits the utility of trans-
thoracic/generator impedance (GI) as a precise measure of the actual
local catheter–tissue coupling.6

Piorkowski et al.8 presented an approach to estimate local imped-
ance (LI) from the ablation catheter tip with a three-terminal model
and two body-surface electrodes and were able to distinguish be-
tween contact and non-contact to the tissue with this method.
However, this approach was reported to be confounded by remote
structures and drift.8–10

Recently, a novel measure of LI recorded from miniature-
electrodes integrated in an ablation catheter tip has shown to be a
sufficient measure of LI predicting catheter–tissue contact and lesion
formation during RFC catheter ablation in an experimental setting.6

Yet, how this measure of LI can guide catheter ablation in humans is
not known. The aim of this study was to investigate the clinical utility
of this approach using LI recorded from miniature-electrodes during
catheter ablation in patients with a history of symptomatic, recurrent
atrial fibrillation (AF).

Objective
To investigate the utility of a novel measure of LI from an ablation
catheter tip with three incorporated mini-electrodes during catheter
ablation procedures and how LI is related to the well-established GI.

Methods

Study design
This study was a single-centre, pilot study with an explorative design. To
investigate how LI is related to GI and low-voltage areas, consecutive
patients with recurrent AF or atrial tachycardia (AT), after prior ablation
for paroxysmal or persistent AF from 11/2017 until 01/2018 were
enrolled. Written informed consent was obtained from all patients.
The study was conducted in accordance with the provisions of the

Declaration of Helsinki and its amendments. The institutional review
board of the University Heart Center Hamburg approved the study.

Catheter ablation procedure
Catheter ablation was performed under deep sedation using a continu-
ous infusion of propofol (1 mg/mL, B. Braun, Melsungen, Germany) com-
bined with boluses of fentanyl (0.1 mg/mL, Rotexmedica, Trittau,
Germany), as previously described.11

Intravenous heparin (heparin sodium, 25 000 IU/5 mL, Rotexmedica)
was administered during the procedure aiming at an activated clotting
time of 300–350 s.

Via both femoral veins, one long (SL0TM, 8 Fr, St Jude), one steerable
sheath (ZURPAZTM 8.5 Fr, Boston Scientific, Marlborough, MA, USA),
and two short haemostatic sheaths (Fast-CathTM, 6 Fr and 8 Fr, Daig Inc.,
Minnetonka, MN, USA) were inserted, followed by positioning of a refer-
ence catheter into the coronary sinus.

To access the left atrium (LA), one transseptal puncture using a modi-
fied Brockenbrough technique was performed and both, the long sheath
and the steerable sheath were navigated into the LA. A 64-pole mini-
basket mapping catheter (OrionTM, Boston Scientific) was introduced to
the LA via the steerable sheath. After LA angiography was completed, the
mini basket catheter was used in combination with an ultra high-density
mapping system (RhythmiaTM, Boston Scientific) to reconstruct the LA
geometry and to create activation- and/or voltage maps. An open-
irrigated ablation catheter with three miniature-electrodes incorporated
within the distal tip electrode (IntellaNav MiFiTM OI, Boston Scientific)
was used for additional mapping and ablation.

The ablation strategy depended on the underlying rhythm at the begin-
ning of the procedure: in case of recurrent paroxysmal AF, sole re-
pulmonary vein isolation (Re-PVI) was performed. In patients with persis-
tent AF, we performed the previously described stepwise approach12

consisting of Re-PVI and substrate modification, if necessary. If a patient
presented in AT, the underlying mechanism was identified, followed by
specific ablation, as previously described.13 During ablation, RFC was ap-
plied in a temperature-controlled fashion with a flush rate of 20 mL/min, a
maximum of 30 W and temperature limit of 45�C. In voltage maps, high-
voltage areas were defined by a voltage of more than 0.5 mV14,15 when
compared with intermediate voltage of 0.1–0.5 mV and low-voltage areas
of <0.1 mV.

Local impedance measurement
Local impedance was measured by an open-irrigated single-tip mapping
and ablation catheter (IntellaNav MiFiTM OI, Boston Scientific, Figure 1).
The features of this novel ablation catheter have been described before6:
from the tip of the catheter, the centre of each miniature-electrode is
2.0 mm away. Each electrode has a diameter of 0.80 mm. Local imped-
ance is measured by a four-electrode method with separate circuits for
field creation and field measurements.6 Between the tip electrode and
the proximal ring of the ablation catheter a non-stimulatory alternating
current (5.0lA at 14.5 kHz) is operated. Simultaneously, voltage is
assessed passively between the miniature-electrodes and distal ring of the
catheter.6 To convert into impedance, these measured voltage values are
divided by the stimulatory current. The maximum LI from the three mini-
ature-electrodes was then displayed on the graphical user interface-
screen of the ultra high-density mapping system and used for all analysis.
The user interface displays the maximum LI value of all of the three
miniature-electrode LI measurements. These maximum values were used
for analysis in this study.

In each patient, after the electro-anatomical map of the LA was com-
pleted, blood pool impedance (as a non-contact reference) was

What’s new?
• The drop in local impedance (LI) measured from an ablation

catheter tip with three incorporated mini-electrodes during
radiofrequency current (RFC) application is about twice as
high as the generator impedance (GI) drop.

• Higher LI at the start of an application predicts larger imped-
ance drops during ablation, rather than the RFC GI.

• Baseline LI in high-voltage areas is higher when compared with
intermediate- and low-voltage ablation sites as well as com-
pared with blood pool LI.

• Local impedance can be monitored during ablation and may
provide useful insights regarding catheter stability, tissue char-
acteristics, and lesion formation compared with the sole use
of GI.
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measured via the ablation catheter in the LA chamber, as indicated by the
absence of electrograms on the conventional and mini-electrodes.

At the start of the RFC application the LI of the ablation site was
recorded (so called ‘baseline LI’ in the following). In case of a dragged ab-
lation lesion, LI measurements were only analysed until the first move-
ment of the catheter. For each stable location of the catheter, which was
verified by the electro-anatomical map, fluoroscopy, tactile feedback
from the catheter and local electrograms,8 the maximum LI drop (�LI)
was analysed additionally.

The videos of the ablation procedures were exported from the map-
ping system (RhythmiaTM, Boston Scientific) and displayed the procedure
in real-time. Radiofrequency current applications were then retrospec-
tively analysed. We excluded all lesions with instability of the catheter
(not meeting the abovementioned criteria), interference with the mini-
basket-catheter and applications with a duration of less than 10 s.

Generator impedance
Correspondingly to LI measurements, a RFC generator (EP ShuttleTM,
Stockert, Biosense Webster Inc., Diamond Bar, CA, USA) was used to re-
cord GI. The generator measured the system impedance by using a two-
electrode method that included the same circuit for both field creation
and field measurements.6 Alternating current (500 kHz) was driven by
the generator between the tip electrode of the ablation catheter to an in-
different electrode on the patient’s skin.

Analogously to LI, GI was measured at the start of each ablation appli-
cation (baseline GI) and the maximum GI drop (�GI) was additionally
analysed for each lesion. Applications without GI information were ex-
cluded from analysis.

Statistical analysis
Binary-coded and categorical data were described as counts and relative
frequencies. Continuous data were expressed as mean ± standard devia-
tion or by median and interquartile range. For group comparisons,
Wilcoxon matched-pairs signed rank tests for paired values as well as a
Mann–Whitney U-tests for unpaired values were performed.
Additionally, a one-way analysis of variance (ANOVA) test was per-
formed for analysis of the different anatomical locations. Further, linear
regression analysis was calculated to determine relationships between LI
and GI as well as �LI and �GI. A statistical significance was defined as a
P-value <0.05. Statistics were calculated using ‘R’ [R Core Team (2017),
A Language and Environment for Statistical Computing, R Core Team, R
Foundation for Statistical Computing. Vienna, Austria, 2017] and
GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA).

Results

Patients characteristics and procedural
parameters
In 25 consecutive patients with a history of AF, catheter ablation, and
analysis of LI were performed. An initial series of five patients (n = 5/
30) was not included for analysis to avoid a learning-curve bias.
Baseline characteristics are shown in Table 1. These 25 patients
underwent 2.4 ± 1.6 prior catheter ablation procedures and returned
for re-ablation due to recurrence of paroxysmal AF in four patients
(16%, n = 4/25), persistent AF in 11 patients (44%, n = 11/25), and AT
in 10 patients (40%, n = 10/25).

Procedural data are summarized in Table 2. The mean procedure
duration and fluoroscopy times were 156.6 ± 53.1 min and
18.1 ± 10.3 min, respectively. A mean of 24.6 ± 16.5 RFC applications

Figure 1 Field creation and ablation catheter for local impedance
measurement. (Left panel) Simulation of the potential field created
by injecting non-stimulatory current between the distal electrode
and the proximal ring. A single miniature-electrode is shown in the
distal tip. (Right panel) Photography of the open-irrigated ablation
catheter with three miniature-electrodes (one is shown in the fig-
ure) at the distal tip electrode (IntellaNav MiFiTM OI, Boston
Scientific). Adapted with permission from Sulkin/Laughner et al.6

.................................................................................................

Table 1 Patients characteristics

Patients (n 5 25)

Male gender, n (%) 15 (60)

Age (years) 66.3 ± 12.8

Arterial hypertension, n (%) 15 (60)

Cardiomyopathy, n (%) 3 (12)

Coronary artery disease, n (%) 3 (12)

Diabetes, n (%) 1 (4)

Prior stroke/TIA, n (%) 5 (20)

BMI (kg/m2) 27.0 ± 4.1

CHA2DS2-VASc score 2.6 ± 1.6

Indication for re-ablation, n (%)

Recurrence of paroxysmal AF 4 (16)

Recurrence of persistent AF 11 (44)

Left/right atrial tachycardia 10 (40)

Number of prior ablations, n 2.4 ± 1.6

AF, atrial fibrillation; BMI, body mass index; CHA2DS2-VASc score is a clinical es-
timation of the risk of stroke in patients with atrial fibrillation; scores range from
0 to 9, with higher scores indicating a greater risk of stroke, Congestive heart fail-
ure, Hypertension, Age >75 years, Diabetes, previous Stroke, transient ischaemic
attack, or thromboembolism, Vascular disease, Age 65–75 years, and Sex cate-
gory; TIA, transient ischaemic attack.
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were deployed per ablation procedure with a total count of 616 RFC
applications without any steam popping.

Local and generator impedances
Of all 616 RFC applications counted by the generator, 381 (61.8%,
n = 381/616) had a complete high quality data set with a RFC applica-
tion >10 s and were included in the study analysis.

Overall, blood pool impedance levels tended to be lower when
compared with baseline LI of myocardial tissue [99.9 ± 14.9X,
(n = 447)] vs. blood pool (91.9± 9.9X, P = 0.052).

Baseline LI was lower when compared with baseline GI [LI:
99.9± 14.9 X (n = 447) vs. GI: 115.1 ± 11.7X GI, P < 0.001],
(Figure 2A). The mean impedance drop during RFC application was
more than two times higher for �LI when compared with �GI [�LI:
13.1± 9.1X (n = 389) vs. �GI: 6.1± 4.2X (n = 362), P < 0.001],
(Figure 2B).

The linear regression analysis revealed that a higher baseline LI in
the LA predicted higher �LI during ablation [adjusted R2 = 0.41,
P < 0.001, slope = 0.39, 95% confidence interval (CI) (0.34–0.44),
Figure 2D]. This means that a mean baseline LI of 99.9 X predicted a
�LI of 12.9 X (95% CI (12.1–13.6)]. For the 1st quartile (q1),
(90.0X) and the 3rd quartile (q3), (109 X) of baseline LI, the pre-
dicted �LI was 8.9X; [95% CI (8.0–9.9)] and 16.4 X [95% CI (15.5–
17.2)], respectively.

The baseline GI was only a poor predictor of �GI [adjusted
R2 = 0.06; P < 0.001, slope = 0.09; 95% CI (0.05–0.14), Figure 2C].
A mean baseline GI (116.7 X) predicted a �GI of 6.0X [95% CI (5.5–
6.4)]. For the 1st quartile (109 X) and the 3rd quartile (175 X) of
baseline GI, the predicted �GI was 5.1X; [95% CI (4.6–5.8)] and
6.7X [95% CI (6.2–7.3)], respectively.

The duration of an RFC application was not predictive for cathe-
ter–tissue coupling: once the maximum �LI or the maximum �GI
were observed, prolongation of the RFC application did not further
lower the LI nor GI, respectively (�LI: P = 0.247; �GI: P = 0.376).

Of 13 patients with right and/or left AT, specific termination into
sinus rhythm was achieved in ten patients (n = 10/13, 76.9%) during
ablation. The termination of AT was observed within a median of 7s
(q1–q3: 5–13) of RFC delivery, with a mean �LI of 8.5± 4.6 X and a
mean �GI of 4.2 ± 1.8 X at the time of termination. After a further
median of 25 s (q1–q3: 15–32) of ablation, these RFC applications
reached a maximum �LI of 14.8± 8.3 X and a maximum �GI of
8.8± 3.7 X. A power of 27.2± 2.4 W was applied in these termina-
tion lesions.

In a subset of 67 lesions (17.6%, n = 67/381, nine patients), the volt-
age values of different ablation sites were analysed: the mean baseline
LI was higher in high-voltage areas of >0.5 mV (LI: 110.5 ± 13.7X)
when compared with ablations sites with intermediate voltage of
0.1–0.5 mV (LI: 90.9± 10.1 X, P < 0.001), low-voltage areas of
<0.1 mV (LI 91.9± 16.4 X, P < 0.001) and compared with blood pool
LI (LI: 91.9 ± 9.9 X, P < 0.001), (Figure 3A). The baseline LI at low- and
intermediate voltage ablation sites was observed to be 4 X (q1–q3: 0,
25–9 X) higher (equals a 5% increase) than the individual patient’s
blood pool LI (n = 8 patients, n = 46 lesions). In 35 out of 46 lesions a
numerical increase of baseline LI was found in low-voltage areas com-
pared with the patients’ blood pool impedance. Voltage maps were
performed in sinus rhythm (n = 4/9 patients, 44.4%) or during AT
(n = 5/9, 55.6%).

Baseline LI and baseline GI differed in areas of low (P < 0.001), in-
termediate (P < 0.001), and high voltage (P = 0.001) with wider ranges
of LI standard deviations, (Figure 3B). A presentative example showing
the LI in a LA low-voltage area in a patient with an AT is shown in the
Supplementary material online, Figure.

Measurement of baseline LI among different anatomical localiza-
tions revealed a higher LI in the coronary sinus with 133.8 ± 21.7X
(n = 5), compared with left atrial LI: 99.6 ± 14.5X (n = 355, P = 0.001),
right atrial LI: 99.0 ± 14.3X (n = 73, P = 0.002), and LI of the cavotri-
cuspid isthmus region: 96.7± 10.3 X (n = 43, P < 0.001) as well as the
blood pool LI: 91.9± 9.9 (n = 5; P = 0.003), (Figure 4).

Within the 90-days blanking period following the procedure, eight
patients (n = 7/25, 28%) developed an AF/AT recurrence (n = 5 AF,
n = 2 AT). During a median follow-up of 160 (q1–q3: 117–174) days,
four patients (n = 4/25, 16%) developed an AF/AT recurrence after
the blanking period (n = 2 AF, n = 2 AT; two of these patients already
had an early AF recurrence within the blanking period).

Technical considerations and safety
Local impedance was successfully used during Re-PVI in 18 patients
(18/25; 72%), substrate modification in four patients (4/25; 16%), cav-
otricuspid isthmus ablation in eight patients (8/25; 32%), and ablation
of AT in 11 patients (11/25; 44%, Table 2) without the presence of
any documented charring. Figure 5 shows an example of real-time LI

.................................................................................................

Table 2 Procedural parameters

Patients (n 5 25)

Procedure duration (min) 156.6 ± 53.1

Fluoroscopy time (min) 18.1 ± 10.3

RFC applications (n) 24.6 ± 16.5

RFC duration (s) 1637.8 ± 1190.0

Cumulative energy (J) 44 605 ± 34 869

LA volume (mL) 96.6 ± 51.4

LA mapping time (min) 13.2 ± 10.3

LA mapping points (n) 9958.1 ± 8064.1

Ablation strategies, n (%)

All PVs isolated 7 (28)

Re-PVI 18 (72)

Defragmentation 4 (16)

Ablation of LAT 9 (36)

Ablation of RAT 3 (12)

Re-CTI 8 (32)

Complications, n (%)

Access site related 1 (4) minor groin haematoma

Pericardial tamponade 1 (4)

TIA/stroke –

PV stenosis –

Phrenic nerve palsy –

Atrio-oesophageal fistula –

Death –

CTI, cavotricuspid isthmus ablation; LA, left atrium; LAT, left atrial tachycardia;
PV, pulmonary vein; PVI, PV isolation; RAT, right atrial tachycardia; RFC, radiofre-
quency current; TIA, transient ischaemic attack.
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measurement during re-isolation of a left inferior pulmonary vein
(PV). Here, an anterior gap of PV reconnection was detected by high-
resolution activation mapping and confirmed by local mini-electrode
signals (MIFI M3-M1) before RFC delivery. Acute pulmonary vein iso-
lation occurred then within 4 s of ablation.

Twenty-three ablation procedures were performed successfully
without any complications. In one patient a minor groin haematoma
was documented and successfully treated conservatively. In another
patient a pericardial tamponade manifested shortly after a RFC appli-
cation with a rapid �LI of 45 X during an ongoing AT with a critical
isthmus along the left atrial roof. Immediate, successful pericardio-
centesis was performed, the AT was terminated by rapid atrial pacing

and the patient was discharged 4 days later in a good medical
condition.

In consequence, during the following ablation procedures
(n = 8), RFC applications were stopped when a maximum cut-
off �LI of <40 X was observed. After completion of this study,
97 additional atrial ablation procedures were performed in our
department using this 40 X cut-off value without occurrence of
a single pericardial tamponade. In this whole series, exceeding
the here presented study population including 122 patients
there was one transient dysarthria and two groin arteriove-
nous fistula with subsequent thrombin injection. No further
complications occurred.

200

A B C D
80 30 80

60

40

20

0

20

10

0

60

40

Lo
ca

l i
m

pe
da

nc
e 

dr
op

 [Ω
]

G
en

er
at

or
 im

pe
da

nc
e 

dr
op

 [Ω
]

Lo
ca

l i
m

pe
da

nc
e 

dr
op

 [Ω
]

20

0
0 10 20

R2= 0.66

R2= 0.06

R2= 0.41

30 100 120 140 160 75 100 125 150 175 200

P < 0.001

150

100

Im
pe

da
nc

e 
[Ω

]

50

0
Generator (GI) Local (LI)

Generator impedance drop [Ω] Baseline generator impedance [Ω] Baseline local impedance [Ω]

Figure 2 Relationship between LI and GI. (A) Discrimination between GI and LI.(B) Relationship between impedance drop of local impedance
(�LI) compared with generator impedance (�GI): the local drop measured via the ablation catheter is more than two times higher when compared
with the impedance drop of the generator.(C) Correlation between start impedances and generator impedance drops: the start impedance of the
generator correlates poorly with the subsequent drop of impedance. (D) Correlation between local start impedances and local impedance drops: a
higher local start impedances predicts higher �LI values. GI, generator impedance; LI, local impedance.

Figure 3 Relationship between impedance and voltage.(A) Local impedance values in low, intermediate and high-voltage areas of ablation, as well
as the comparison towards blood pool impedance is shown. (B) The difference in local and generator impedance in low-, intermediate-, and high-
voltage areas of ablation is shown. GI, generator impedance; LI, local impedance.
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Further, during the ablation procedures, we observed different
scenarios of how the real-time LI curves can present during RFC ap-
plication, shown in Figure 6: (1) In this example, a very rapid and steep
LI drop of 33X within a few seconds was observed and energy deliv-
ery stopped. (2) Contact of the ablation catheter with the electrodes
of the mini-basket catheter led to artefacts resulting in non-
physiologic LI measurements of 316 X, in this example (�LI was
230 X during this interference). Therefore, LI cannot be determined
during ablation when RF delivery is performed on the mini-basket
catheter. (3) Instable catheter position resulted in systolic and dia-
stolic movements of the catheter with rapid changes of the LI stan-
dard deviation. Image (4) shows an example of ablation in a low-
voltage area: the baseline impedance (LI: 73X) as well as �LI
(�2.8 X) were comparably low. (5) When the ablation catheter was
dragged during ablation, after an initial LI drop, LI raised again when-
ever the catheter was moved to a new position. (6) Lastly, respiration
movements were reflected by fluctuating LI curves which could be
observed in the changes of the real-time recordings during ablation.

Discussion

Major findings
The major findings of this study are as follows:

(1) Local impedance measurements from an ablation catheter tip with
three incorporated mini-electrodes are related to the local tissue
voltage. Baseline LI in high-voltage areas is higher when compared
with intermediate- and low-voltage ablation sites as well as com-
pared with blood pool LI.

(2) The drop in LI during RFC application was about twice as high as
the GI drop.

(3) Higher LI at the start of an application predicted larger LI drops dur-
ing ablation, while GI at baseline was not a good predictor for the
GI drop during ablation.

Local and generator impedance
measurements
Local impedance is a direct measure of the resistive load on the abla-
tion catheter and provides a surrogate for the distal electrode surface
area covered by myocardium.6 It can distinguish between catheter–
tissue contact from non-contact, as has been demonstrated by initial
experimental findings and is supported by the here presented study.6

Noteworthy and not surprisingly, observed LI was lower than GI
measurements. In contrast, during ablation the �LI was greater than
the �GI. This observation of larger LI drops were also in accordance
with findings from prior experimental studies.6 Therefore, the data of
the present study indicate that LI makes it more likely the operator
will achieve a target LI drop, as the baseline LI is more predictive than
GI. It seems that �LI could be a more sensitive parameter for electri-
cal coupling between catheter tip and tissue, when compared with
the well-established �GI. The quality of LI data is not expected to be
influenced by the generator. In experimental studies, �LI was a bet-
ter predictor of lesion dimensions than �GI.6

So far, the optimal decrease of LI for lesion formation as well as
the optimal modality over time during ablation cannot be defined.
However, a surrogate parameter for acute efficacy in this study was
provided by addressing the time course of LI and its decrease during
RF delivery before AT termination into sinus rhythm. Additionally,
when discussing the optimal decrease of LI, safety aspects need to be
considered. In this study, a rapid decrease of the LI was seen in the
patient with the cardiac tamponade. Nguyen et al.16 support this find-
ing and showed an association between the occurrence of steam
pops and more rapid initial GI reduction during catheter ablation
(1.40 X/s with vs. 0.38 X/s without steam pops). However, additional
studies are warranted and underway to evaluate the safety of the
here presented approach. No general safety recommendation can be
made at this time.

Furthermore, our finding that higher start LI values were associ-
ated with larger �LI, is in line with the fact that higher initial imped-
ance values are associated with better contact to the tissue.5 RFC
energy appears to be better transferred to the underlying tissue if
high LI is measured due to better contact.5,6 However, our study
does not provide any information on the quality of the tissue contact,
since so far, no contact force measurements are available for the pre-
sented approach. As information on the quality of tissue contact is
missing, LI might not be able to detect excessive contact, a very im-
portant element to avoid complications. This needs further studies in
the future.

Potential benefit of local impedance
measurement
More than two decades ago, Josephson et al.17 impressively demon-
strated by some elegant studies in an experimental model of myocar-
dial infarction, the potential value of LI to distinguish between healthy
and diseased tissue. In our present study, LI in high-voltage areas was
higher than in low-voltage areas. This supports the concept that LI is
useful to distinguish between healthy and scarred myocardium, also

Figure 4 Local impedance among different anatomical
localizations.
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on the atrial level in humans. In addition, LI measurements by the ab-
lation catheter were useful to distinguish healthy myocardium from
blood pool, reflecting contact vs. non-contact. Noteworthy, mean
baseline LI could only be used to reliably distinguish being in the
blood pool vs. high voltage tissue, but not in intermediate or low volt-
age tissue. This finding could be explained by enrolment of patients
undergoing re-do ablation procedures. Lang et al.18 not only showed
a difference in impedance between the LA and the PVs, but did also
find lower impedances of the LA and PVs in patients undergoing re-
peat catheter ablation. Noteworthy, we found a slightly higher LI in
low-/intermediate-voltage areas compared with the patients’ individ-
ual blood pool. Therefore, LI might be an adjunct parameter in addi-
tion to the fluoroscopy, local electrograms and the 3D map to assess
tissue contact in low-voltage areas. It remains unclear whether and
how these findings might be influenced by different causes of myocar-
dial scarring such as atrial fibrosis or low voltage due to prior ablation;
different areas within the heart need to be explored in more detail.17

Regarding voltage measurements, further studies to determine LI
cut-offs in different chambers and voltage areas are needed.

Up to now, real-time mechanical coupling during ablation is facili-
tated by the use of contact force (CF) sensing catheters.19,20 A mod-
est linear relationship between contact force over time (so called
force-time-integral) and lesion depth has been shown.21 However, in
specific situations, such as ablation in the coronary sinus, CF can be
misleading. While CF of the ablation catheter is low in the coronary
sinus, the resistive load is high as more surface area of the electrode
becomes enveloped by tissue rather than by blood.5 Therefore, a
large amount of RF energy could be delivered to the myocardium. In
these kind of specific situations, LI alone or in combination with other
parameters could be more informative about lesion formation than
the sole use of CF, as CF is only of limited value to predict impedance
drops during RFC delivery. LI could be a real-time measure for elec-
trical coupling allowing an estimation of lesion size during ablation, as
is supported by experimental evidence.

Figure 5 Local impedance measurement during ablation of a reconnected pulmonary vein. The RhythmiaTM activation map of a reconnected LIPV
with an anterior gap is shown. On the top of each image, the information provided by the radiofrequency current generator is displayed; on the left,
PV electrograms can be found and on the right, the LI information is provided. Image (A) shows the reconnected LIPV with a LI of 115 X and a GI of
118 X at the start of the RF application. The �LI is visualized right below the real-time LI value on the RhythmiaTM map in yellow. The lower image
(B) demonstrates PVI occurring within 4 s with a 7.9 X-local impedance drop, which is shown in the real-time LI-curve in yellow. The drop in the gen-
erator was 4 X only. GI, generator impedance; LI, local impedance; LIPV, left inferior pulmonary vein; �LI = drop of local impedance; PVI, pulmonary
vein isolation; RF, radiofrequency.
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Limitations
The present study has several limitations. First, the design of our
study was explorative and we retrospectively analysed the real-time
videos, exported from the electroanatomical mapping system. Next,
we excluded RFC applications from the analysis to reliably include
only solid and reproducibly quantifiable lesions. In consequence, only
a limited sample size of 67 lesions was available to investigate the rela-
tionship of LI and voltage. Therefore, statistical power needs to be
critically judged. Next, we only investigated LI in recurrent AF/AT
ablation procedures. However, we present an early experience of
LI-measurement and delivered specific details on >350 ablation
lesions. Additional studies are warranted and underway to evaluate
the safety of the here presented approach. Clinical implementation
of this approach in other ablation procedures including catheter abla-
tion of ventricular arrhythmias, in healthy and diseased myocardium
needs to be studied in detail in the future. So far, the clinical results of
this study show only a preliminary outcome. Noteworthy, we did not
investigate effectiveness of RFC ablation guided by LI measurement.

This is currently investigated in the LOCALIZE study (ELectrical
COupling Information From The RhythmiaTM HDx Mapping System
And DireCtSenseTM Technology In The Treatment Of Paroxysmal
AtriaL FibrIllation-A Non-RandomiZed, ProspEctive Study). In addi-
tion, no precise estimation of lesion size in humans is possible yet.

Finally, a limitation of the used catheter might be that there is cur-
rently no simultaneous combination of LI and contact force measure-
ments available. Therefore, further studies are warranted to answer
the question how precisely LI can indicate catheter–tissue contact in
scared myocardium and to which extend it is able to guide catheter
ablation in these situations.

Conclusion

Local impedance measurements are related to the voltage of the un-
derlying tissue. Compared with the GI, baseline LI is a better predic-
tor of impedance drops during ablation. Therefore, LI can be

Figure 6 Different real-time local impedance curves during RF ablation. Different real-time curves of local impedances (LI) during RF ablation are
shown. These LI-curves are exported from the RhythmiaTM map and show the mean LI as a yellow curve and the LI-standard deviation as a white
curve. (1) A rapid and immense impedance drop of minus 33X leading to premature stop of the ablation application for patients’ safety (the LI at the
start of the application was 128 X) is shown. (2) Placement of the ablation catheter next to the mini-basket catheter led to interference of the imped-
ance measurement with implausible LI values (LI was 316 X and � LI was 230 X during interference). (3) Instable catheter position led to systolic and
diastolic movements of the catheter with rapid changes of the LI standard deviation shown by the white curves, around the yellow mean-LI curve. (4)
Example of ablation in a low-voltage area: the start impedance (LI: 73X) as well as � LI (� LI �2.8 X) were comparably low. (5) Example of a
dragged ablation lesion: (A) shows the drop of the LI at the first ablation site, (B) then the catheter was moved and LI raised again due to movement
of the catheter to an unablated tissue location, (C) followed by a second LI drop after the catheter was positioned at the second ablation site. (D)
When the catheter was moved for the third time, LI raised again. (6) Example of local impedance fluctuations due to respiration. Notice the variability
of the mean LI-curve (yellow).
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monitored during ablation and may provide useful insights regarding
catheter–tissue contact, catheter stability and lesion formation com-
pared with the sole use of GI. Further studies are warranted to
follow-up on our initial findings.

Supplementary material

Supplementary material is available at Europace online.
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Aims In the management of both ventricular and supraventricular tachycardia in patients with congenital heart disease
(CHD) catheter ablation has now been recognized as one of the mainstays.

...................................................................................................................................................................................................
Methods
and results

We review our initial experience of using the Rhythmia mapping system in a cohort of 12 adult CHD patients present-
ing with multiple arrhythmia substrates. A total of 78 arrhythmia maps were attempted in a total of 15 procedures, but
possible due to the dilatation of the target chamber only 44% of maps were able to reconstruct the entire arrhythmia.
All patients underwent pre-procedure 3D imaging (either cardiac magnetic resonance or computed tomography), but
image integration was suboptimal. A median of two maps per patient were finally analysed and acquisition took in me-
dian 22 min with a median number of 12 574 (8230–18 167) mapping points. Procedural data with a total duration
amounting to in median 285 (194–403) min, with a median total fluoroscopy exposure of 7.5 (5.2–10.7) min. After a
median of 1.5 procedures [median of 12 (8–16 months)], nine patients remained in stable sinus rhythm or atrial paced
rhythm, while three patients had further sustained recurrences. One of these passed away in end-staged heart failure.

...................................................................................................................................................................................................
Conclusion This initial experience of using high-density mapping for arrhythmia management in patients with CHD allowed

rapid acquisition of multiple maps with high accuracy to identify surgical scars and fibrosis, however, it was limited
by large atrial volumes and a high percentage of incomplete maps resulting in modest clinical success.
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Introduction

In the management of both ventricular and supraventricular tachycar-
dia in patients with congenital heart disease (CHD) catheter ablation
has now been recognized as one of the mainstays.1–6 The majority of
arrhythmia substrates in CHD patients is re-entrant in nature and fre-
quently caused by the preceding surgical interventions, which result
in scar tissue (e.g. atriotomy scars) that can create protected chan-
nels of conduction that can serve as critical isthmuses in re-entrant
circuit tachycardia.7–9 This was also convincingly demonstrated for
the most frequent CHD Tetralogy of Fallot (ToF) with scar-defined
re-entrant circuits that serve as the substrate for sustained ventricu-
lar tachycardia (VT).10 However, also patients with non-palliated

CHD can suffer from sustained arrhythmias, mostly caused by signifi-
cant chamber dilatation. The success of atrial tachycardia (AT) abla-
tion in CHD is largely influenced by the underlying cardiac anatomy
and surgical repair, along with the current haemodynamic sequelae
of the anatomy and repairs.

We review our initial experience of using the Rhythmia mapping
system to a cohort of adult CHD patients presenting with arrhyth-
mias in a single centre.

Methods

Patients with CHD and sustained arrhythmia were studied using the
Rhythmia mapping system (Boston Scientific) from November 2015 to
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March 2018 at the Royal Brompton and Harefield NHS Foundation
Trust. Patients were selected to be studied using the Rhythmia system if
they were listed on the waiting list for ablation CHD and had no access
obstruction that would necessitate remote magnetic navigation.

Pre-procedural preparation
All patients underwent careful and comprehensive assessment of their
haemodynamic condition including transthoracic echocardiography
(TTE) and 3D imaging. Surgical notes were reviewed whenever available
to identify surgical scars from various surgical interventions. All arrhyth-
mia documentations were reviewed to identify the dominant arrhythmia
and possible additional arrhythmia substrates including atrial fibrillation
(AF).

3D imaging for road mapping
In order to understand the individual 3D anatomy, 3D DICOM datasets
were reviewed and reconstructed to allow the investigators to familiarize
themselves with the case ahead of the invasive procedure. Imaging
DICOM datasets were either contrast cardiac computed tomographies
or non-contrast cardiac magnetic resonance images (CMR). Scans were
reconstructed on the Rhythmia HDx DM mapping software and merged
with the 3D chamber of interest (Figure 1).

Invasive catheter procedure
All patients were studied in a fasted state and after informed written con-
sent had been obtained, under assisted sedation or general anaesthesia
applied by a cardiac anaesthetist with continuous invasive arterial pres-
sure and careful fluid monitoring. Decapolar catheters (Parahis, BARD)
were positioned in the coronary sinus (CS) and/or in the free wall of the
right atrium (RA) to serve as timing references for the high-density map-
ping. The 64-pole basket mapping catheter (IntellaMap Orion; Boston
Scientific), which incorporates small unidirectional electrodes (0.4 mm2;
2.5 mm spacing) was advanced into the RA using a steerable sheath
(Agilis, St Jude Medical, medium or large curve) in all but the first patient
(where only a short sheath was used). In case of suspicion of a left atrium
(LA) origin, a double trans-septal puncture was performed after transoe-
sophageal echocardiography excluded an LA thrombus or via an ASD if
present. Using a double trans-septal access allowed to have both the
ORION and the ablation catheter in the LA without the need for ex-
change (which could have increased the risk of e.g. air embolism). A bidi-
rectional mapping and ablation catheter (IntellaNav, Boston Scientific)
was used in all cases.

We studied all patients on continued oral anticoagulation and vascular
access was gained using ultrasound guidance. After vascular access was
gained, Heparin was applied in bolus IV applications with a target acti-
vated clotting time (ACT) of 300–350 s. The ACT was tested every
30 min and further Heparin was applied if necessary.

Acquisition of the sequential high-density

map
Bipolar electrograms were automatically collected during stable rhythm
using the following beat acceptance criteria: (i) cycle length stability, (ii)
propagation DR [difference in time in activation between two electrodes
of the reference catheter (mostly decapolar catheter in CS or RA free
wall)], (iii) respiration phase allowing data acquisition at a constant respi-
ratory phase, and (iv) catheter stability. Maps and intracardiac signals
were acquired predominantly through the Orion, but additional mapping
was added if necessary using the ablation catheter.

Ablation settings and endpoints
After the critical isthmus or focal origin was identified, irrigated tip radio-
frequency (RF) ablation was applied using 30–45 W with a flow-rate of
17 ml/min for up to 120 s and a maximum temperature of 43�C. If a linear
lesion was required, the catheter was dragged along the intended ablation
line once local signal abatement was achieved. At sites of arrhythmia ter-
mination, a bonus RF application was applied to assure that the final
blocking lesion was transmural and long lasting. For every linear lesion de-
ployment, the criterion of bidirectional block was attempted by pacing
from both sides of the intended line.11–14 To test for other arrhythmias,
further burst pacing was performed for up to 10 s with decreasing cycle
length (CL) until atrial refractoriness or 200 ms CL was reached. At least
four different sites in the right and left atrium (via the CS catheter) were
tested and subsequently inducible ATs were mapped and ablated. In case
of AF induction, direct current cardioversion (DCCV) was performed. If
deemed clinically indicated, pulmonary vein isolation was performed us-
ing the Rhythmia system as described previously.15,16 At the end of the
procedure, all catheters and sheaths were removed, and the patient was
carefully monitored in the recovery or high-dependency unit.

Follow-up
Patients were followed for clinical and asymptomatic recurrences by a
team of electrophysiologists and CHD specialists with regular clinic visits.
Holter recordings and a 12 lead electrocardiograms (ECGs) were
assessed every 6 months. Monitoring from implanted devices was also
regularly reviewed. Any recurring symptoms prompted immediate re-
view and documentation of further arrhythmias was carried out. Any sus-
tained AT was considered for repeat ablation procedure.

Statistical analysis
Continuous variables are expressed as mean ± standard deviation, or me-
dian values with 1st and 3rd quartiles in case of non-normal distribution. If
clinically relevant, minimum and maximum values are also indicated.
Comparisons were assessed using the Wilcoxon test for unpaired data
and a P-value of <0.05 was deemed significant.

Results

3D map acquisition
A total of 15 procedures were carried out in 12 patients (7 female,
mean age 49± 10.3 years) with a total of 78 attempted arrhythmia
maps (Table 1). Underlying CHD condition consisted of patients with
moderate CHD complexity in eight and great CHD complexity in
four patients, ranging from sinus venous ASD (3 patients), Ebstein’s
anomaly (2 patients) to double outlet right ventricle (DORV, 2
patients), and mitral (1 patient) or tricuspid atresia (1 patient) (ref.
Table 2). Nine out of 12 patients had undergone previous ablation

What’s new?
• First experience of high-density mapping in a cohort of com-

plex patients with congenital heart disease.
• Rapid multi-electrode mapping of multiple arrhythmias.
• High-resolution depiction of scars after previous surgical and

ablation intervention.
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procedures using 3D electroanatomical mapping (CARTO) in all
cases with a single mapping and ablation electrode. Five patients had
previously undergone device implantation with a dual chamber pace-
maker in four and an implantable cardioverter-defibrillator in
1 patient.

Arrhythmia substrates
Besides one patient with ToF and frequent ventricular ectopy (VE) af-
ter RV VT ablation, all other patients presented with atrial arrhyth-
mias. In one patient with Ebstein’s anomaly and surgical repair of the
tricuspid annulus, ‘pseudo regular’ AF was confirmed only by intracar-
diac mapping, while in further two patients AT degenerated into AF
at some point during the index map (one large RA in Ebstein’s

anomaly and one with common atrium). Due the atrial distension
and excessive scaring, the P wave morphology during AF may impose
as monomorphic and occasionally pseudo regular with close to fixed
PP intervals. Intracardiac mapping however revealed irregular
and chaotic activation with the area that dominates the P wave being
in a bystander area. Eight patients were mapped in sustained AT with
four index maps of the LA, three of the RA, and one for both RA
and LA.

All patients presented with markedly dilated atria with a median
3D volume mapped using the ORION catheter of 199 mL (146–
251 mL). However, in 7/15 procedures, the acquired 3D map was
clearly smaller than the 3D reconstructed chamber anatomy
(Figure 1). There was no difference between source data from CMR
(n = 8) or CT (n = 7).

Figure 1 Example of a 3D reconstruction from cardiac magnetic resonance imaging of a patient with tricuspid atresia and modified RA to PA
Fontan palliation. Right panel demonstrates reconstructions of 3D DICOM datasets to illustrate the underlying anatomy in RL and LAO projection.
The left upper panel shows the electroanatomical mapping information and the left lower shows the same map superimposed on the 3D scan to illus-
trate the incomplete map. IVC, inferior caval vein; LAO, left anterior oblique; PA, pulmonary artery; RA, right atrium; RL, right lateral; SVC, superior
caval vein.
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The median CL of the mapped ATs was 345 ms (270–453 ms)
with predominant 2:1 atrioventricular (AV) nodal conduction.
Unfortunately, only 34/78 (44%) of maps attempted were deemed to
be complete as arrhythmias were either non-sustained and termi-
nated into sinus rhythm [(SR) 19, 24%; with mechanical termination
in 9, 12%], degenerated into a different tachycardia (20, 24.5%), or

into AF (5, 6%). Finally, a median number of two maps per patients
were completed and analysed subsequently. Mapping time for these
maps took in median 22 min with a median number of 12 574
(8230–18 167) mapping points. Index maps were typically covering
the entire AT-CL when dealing with a re-entrant AT. Re-entrant
mechanism was the most common AT substrate with previous
atriotomy scars being the most frequently observed substrate.
Cavotricuspid isthmus dependent arrhythmias were present in 4/15
procedures (Figure 2). We mostly observed re-entrant tachycardia
but localized re-entry was also observed typically after previous abla-
tion and/or at sites of cannulation scars (Figure 3).

The only patient with ventricular arrhythmia in our cohort pre-
sented with frequent monomorphic VE. The initial right ventricular
(RV) map demonstrated the typical RV outflow tract patch scar and
the result of a previously deployed ablation from the pulmonary valve
to the tricuspid annulus (Figure 4). The ectopy was subsequently
localized in the left ventricle close to the left ventricular (LV) summit
area17 and was mapped using the ablation catheter.

Scar identification by voltage mapping
Using an initial bipolar cut-off of 0.3 mV and 0.05 mVs all maps were
assessed in order to identify the previously created surgical scars and
any further acquired fibrosis. This can be individualized further
depending on the noise level of the local electrograms in an area of
interest. The median scar area identified ranged from none to
50 cm2. Figure 5 illustrates the impact of different confidence levels to
eliminate the low voltage area from the automatic analysis in a patient
with common atrium.

Table 1 Baseline characteristics

Patients, n 12

Female, n (%) 7 (63.6)

Age at ablation procedure (years),

mean ± SD

49 ± 10.3

Previous ablations, n (%) 12/15 (80)

Systemic ventricular systolic

function, n (%)

Normal, 8/12 (66.6)

Mildly impaired, 2/12 (18.2)

Moderately impaired,

2/12 (25)

CHD complexity score, n Moderate complexity, 8/12

Great complexity, 4/12

Previous surgeries, median (IQR) 2 (1.5–2.5)

Age at first surgery (years), median (IQR) 6 (1–22)

Time surgery to first arrhythmia (years),

median (IQR)

16 (2–25)

Previous device implantation, n (%) PM, 4/12 (33.3)

ICD, 1/12 (8.3)

....................................................................................................................................................................................................................

Table 2 Description of congenital condition(s) and corresponding surgical procedures

Congenital conditions Surgical procedure Surgical scars

Ebstein’s anomaly Bidirectional Glenn, TVR Right atriotomy, by-pass cannulation

DORV, VSD, PS Rastelli procedure, RV to PA conduit and re-do Right ventriculotomy, by-pass cannulation, VSD

closure patch, valved homograft conduit

MA, DORV, PS and sub-PS, non-restric-

tive VSD, bilateral SVCs

Atrial septostomy, open PV valvotomy, PA

banding

Atriotomy, RVOT, by-pass cannulation

TOF TOF repair (open valvotomy, pericardial patch

to RVOT and Dacron patch to VSD) PVR

RVOT patch and VSD closure patch, by-pass

cannulation

TA, non-restrictive-VSD, bilateral SVCs,

aberrant origin of left subclavian ar-

tery from aorta

Modified Fontan Right atriotomy, by-pass cannulation, suture

RAA to PA

Hypoplastic RV, ASD, VSD, PA, hypo-

plastic PA

Waterston shunt (Extra-pericardial), by-pass cannulation

CoA, BAV, sub-AS Konno procedure, AVR, CoA repair Aortic root and LVOT, RVOT, by-pass

cannulation

Complete Atrioventricular septal defect

(AVSD with common atrium)

AVSD repair, LAVV repair followed by

replacement

By-pass cannulation, left atriotomy

ASD, BAV Surgical ASD closure, AVR By-pass cannulation, right atriotomy, aortic root

ALCAPA Takeuchi procedure By-pass cannulation, aorta and PA

Ebstein’s anomaly, PFO Bidirectional Glenn, PFO closure, TVR Right atriotomy, by-pass cannulation

Fenestrated sinus venosus ASD with left

to right shunt

None None

ASD, atrioseptal defect; AVSD, atrioventricular septal defect; BAV, bicuspid aortic valve; CoA, Coarctation of the Aorta; IVC, inferior caval vein; LAVV, left atrioventricular
valve; LVOT, left ventricular outflow tract; PFO, persistent foramen ovale; RA, right atrium; RV, right ventricular; RVOT, right ventricular outflow tract; SVC, superior caval
vein; TOF, Tetralogy of Fallot; VSD, ventricular septal defect.
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In the 34 complete maps, a total of 30 critical targets were identi-
fied and subsequently successfully ablated using a median RF delivery
duration of 39 (29–58.1) min. In the remaining four maps, no clear ab-
lation target was identified, and RF ablation did not terminate the ar-
rhythmia. Non-inducibility was achieved in 9/15 procedures and atrial
fibrillation was induced as the last atrial arrhythmia in three cases.
Finally, DCCV was performed in a total of four cases. Typically, the

CL of the subsequently inducible arrhythmias was shorter than the
index AT. Localized re-entry was typically seen only secondary to an
initial re-entrant AT.

Table 3 summarizes the procedural data with a total duration
amounting to in median 285 (194–403) min, with a median total fluo-
roscopy exposure of 7.5 (5.2–10.7) min, and 408.5 (195–1196)
mGym2 dose area product.18

Figure 2 Example of cavotricuspid isthmus re-entry in a patient with previous ablation and common atrium (mitral atresia). Clockwise activation
around the TA was confirmed and ablation terminated the slow re-entry into SR. Left panels show the local activation information, while the right
panels demonstrate voltage amplitude information. IVC, inferior caval vein; LAO, left anterior oblique; TA, tricuspid annulus.
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Figure 3 Multiple tachycardias in a single patient (same as in Figure 1) to depict various scar-related substrates. (A) Activation map of AT#1 with
338 ms CL showing a figure of eight re-entry with a small isthmus (red arrow). RF at this site terminated the AT into SR. (B) Burst pacing in the same
patient induced AT#2 with a CL of 260 ms, which is remapped (please note the missing SVC). Now the figure of eight re-entry mechanism is travel-
ling through the corridor between the two scars and ablation again terminated at the red arrow. (C) Further burst pacing induced AT #3 with 240 ms
CL. Remap of the RA demonstrates a localized re-entry around a small central scar area more posterior than the previous scar areas (oblique poste-
rior anterior PA projection). Again termination at the red arrow. AT, atrial tachycardia; CL, cycle length; IVC, inferior caval vein; PA, pulmonary ar-
tery; RA, right atrium; RF, radiofrequency; RL, right lateral; SR, sinus rhythm; SVC, superior caval vein.
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Follow-up results
After the procedures all patients underwent immediate follow-up
investigations which ruled out any acute complication or damage to
intracardiac structures out by TTE. During a median follow-up of 12
(8–16) months, eight patients suffered from recurrent arrhythmia
(66%) necessitating further invasive ablation procedures in six of
them. Repeat ablation was carried out with either the Rhythmia map-
ping (n = 3) or the CARTO mapping system (n = 3). After a median of
1.5 procedures [median follow-up duration of 12 (8–16) months)],
nine patients remained in stable SR or atrial paced rhythm, while the
remaining three patients experienced further sustained arrhythmia.
Antiarrhythmic medication was continued with beta-blockers in eight
patients and/or Amiodarone in five patients.

One patient died 8 days after a second Rhythmia-guided AT abla-
tion in end-stage heart failure and after initially achieving SR by RF de-
livery. During the short-time follow-up, this 44 years old patient had
further sustained AF despite being continued on amiodarone. In the

presence of a hypoplastic left ventricle with double outlet right ven-
tricle (DORV) the right-sided AV valve was severely regurgitant but
was deemed inoperable.

Predictors of success/failure
Due to the inhomogeneous cohort and the various underlying surgical
settings, we were unable in this small sample size to identify factors for
success or failure. Interestingly, the volume of the atrial chambers
mapped or the complete vs. incomplete merge with the 3D image re-
construction did not seem to predict a more difficult procedure.

Complications
We observed no acute or late complications in any of the patients.
Specifically, we did not observe any damage to valvular structures or
thrombo-embolic events.

Figure 3 Continued.
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Discussion

We report on our initial experience of using the Rhythmia mapping
system in a highly selected cohort of CHD patients with re-entrant
or focal arrhythmia. Despite initial successful ablation, we observed a
relatively high recurrence rate of 66% after the index ablation using
the high-density mapping system. Clinical success after repeat abla-
tions was achieved finally in 75% of patients during a median of
12 months follow-up period, mostly on continued anti-arrhythmic
medication. This outcome is comparable to other 3D mapping sys-
tems in similar settings and demonstrates that the optimal ablation
strategy for this challenging patient cohort is not necessarily

depending on the 3D mapping system.4,5,19 The specific challenges in-
cluded the complete sequential acquisition of the entire target cham-
ber, access to all regions including areas ‘behind’ structures such as
Eustachian ridge, deployment of complete ablation lesions, and finally
multiple substrates.

Advantages of multielectrode high-
density mapping for CHD substrates
As reported by a number of groups previously, the major advantage
of the Rhythmia system is the fast acquisition of multiple mapping
points with the mini-basket and its’ small electrodes.20–23 This allows

Figure 4 RV map in a patient with Tetralogy of Fallot in permanent atrial pacing. The left upper panel shows the SR with the typical right bundle
branch block like QRS complex. Please note the colour range above the ECGs that is reproduced on the right upper panel as well. The outflow tract
patch is transannular, and therefore, there is no Isthmus 1 (surgically created between the outflow tract patch and the pulmonary valve) and the patch
area is 20.1 cm2. Isthmus 3 (surgically created isthmus between the ventricular septum patch and the pulmonary valve) is also blocked as this patient
had undergone previous VT ablation and presented now with LV ectopy. The lower three panels demonstrated three projections from RAO, obli-
que PA, and PA, respectively. ECG, electrocardiogram; LV, left ventricular; RAO, right anterior oblique; RV, right ventricular; SR, sinus rhythm; VT,
ventricular tachycardia.
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depiction of scars and low voltage areas that surpass large electrode
sequential mapping resolution. Especially for previously ablated areas,
surgical scars, and atrial fibrosis due to chamber dilatation, this infor-
mation is very valuable. Being able to ‘pre-set’ the confidence level
allows adjusting the ‘field of view’. In addition, using the rowing elec-
trode to identify local conduction in detail is equally important in the
post-processing phase. Detailed analysis is needed however to un-
derstand and interpret the acquired maps.

Disadvantage of multielectrode mapping
system in its’ current version
As with all novel tools, the operators needed to overcome a learning
curve to get familiar with this mapping system. Especially the steer-
ability of the mini-basket and the lack of direction indicators made
the 3D mapping process challenging. Possibly, this resulted in the
large amount of terminations/changes of arrhythmia in our cohort.
Especially in very enlarged and abnormally formed chambers, the

differentiation between scar and non-contact is difficult to make and
may result in non-mapped areas. The need for a stable arrhythmia
that lasts long enough to be completely mapped is an obvious further
limitation for any sequential mapping system. With regard to this,
the only system capable of overcoming this limitation at present
is the non-invasive multielectrode mapping system ecVUE
(CardioInsight),24 which has been however limited by the ‘blind spot’
of septal activation with surrogate right and left atrial break-out
activation.25 Multiple maps were acquired in a very short acquisition
time, but the experience in CHD patients is still limited so far.

Incomplete 3D image integration
The use of 3D image integration is a standard during CHD ablation
procedures using various 3D mapping systems. The 3D roadmap
helps to ascertain that all parts of a given target chamber have been
mapped, such that critical isthmuses cannot be overlooked by not
having mapped a given region. This is of great importance in grossly
enlarged chambers. One of the established ‘tricks’ is to map e.g. the
aortic arch to allow ‘merging’ of the 3D scan over this essentially
non-moving structure. However, the Rhythmia system in its’ current
version does not allow to move all 3D reconstructions in a ‘linked’
fashion but moves each chamber independently. The only alternative
is to merge each target chamber separately, therefore the roadmap
‘guidance’ nature of the pre-acquired scans is somewhat diminished.
In our cohort, this resulted in incompletely merged maps in nearly
half of the procedures. An incomplete map may miss a critical part of
a given arrhythmia, while the ‘registered’ roadmap may also help to
avoid pushing the mini-basket to aggressively against the myocardium,
thereby avoiding mechanical ectopy and in the worst-case termina-
tion or changing the arrhythmia.

Accessibility of target chambers is another well recognized prob-
lem in CHD patients. Due to our experience with remote magnetic
navigation we elected not to use the Rhythmia mapping system in
patients with atrial switch for transposition of the great arteries
(TGA, such as Mustard or Senning operation) or total cavo pulmo-
nary connections (TCPC).5 This would have required transbaffle ac-
cess, resulting possibly in a higher resolution of the acquired mapping
information, but most likely resulting in substantially higher radiation

Figure 5 Example of different confidence levels (left: 0.015 mV, right: 0.005 mV), which excludes scar areas from the automatic analysis in a patient
with common atrium. Please note that with the higher setting, nearly the entire RA area is depicted as scar making bystander activation most likely.
This setting however needs to be individually adjusted and depends on the signal to noise ratio (ref Latcu et al.22). IVC, inferior caval vein; LAA, left
atrial appendage; RA, right atrium; SVC, superior caval vein.

Table 3 Procedural data

Ablation procedures, total 15

Oral anticoagulation, n (%) Warfarin, 12/15 (80%)

NOAC, 2/15 (13.3%)

INR pre-procedure, median (IQR) 2.5 (1.9–2.7)

Baseline ECG, n (%) SR, 2/15 (13.3)

Paced, 4/15 (26.6)

AT, 7/15 (46.6)

AF, 2/15 (13.3)

GA, n (%) 12/15 (80)

Intra-procedural TOE, n (%) 7/15 (46.6)

Procedure time (min), median (IQR) 285 (194–403)

Fluoroscopic time, (min) median (IQR) 7.5 (5.2–10.7)

DAP (cGym2), median (IQR) 408.5 (195–1196)

AF, atrial fibrillation; AT, atrial tachycardia; DAP, dose area product; ECG, elec-
trocardiogram; IQR, interquartile range, SR, sinus rhythm; TOE, transoesophageal
echocardiography.
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exposure and procedure times. Theoretically, the ORION catheter
could be advanced also in a retrograde fashion across the aortic and
subsequent AV valve, but again most likely on the expense of radia-
tion and procedure duration.21

Atrial fibrillation as an important clinical
arrhythmia
Catheter ablation of sustained AT is an established ablation strategy
which is greatly facilitated using high-density 3D mapping as shown in
our experience. However, a subset of our patients also presented with
sustained AF which occasionally looked pseudo-regular on the surface
ECG. This is a growing clinical problem in the CHD population as
patients survive longer and present with larger atrial chambers.26

Future outlook for high-density
multielectrode mapping in congenital
heart disease patients
This is our very initial experience using the Rhythmia mapping system
in CHD patients, and it is obviously not yet a fully evolved strategy.
Having struggled much with changing arrhythmias and multiple sub-
strates, we would propose a different approach: In a first attempt, a
complete map of the target chamber in stable sinus or paced rhythm
could identify all conduction barriers (previous surgical scars or pre-
vious ablation lines). This should be followed by ‘closure’ of potential
conduction gaps through obvious pathways such as the cavotricuspid
isthmus, corridors between atriotomy scars, and Crista terminalis or
the AV annulus and finally from cannulation scars to the inferior or
superior caval veins. These ablations should be carried out with the
best possible prediction of complete trans-murality (e.g. contact
force), which is currently not available for this mapping system.
As CHD patients may present with much thicker myocardium even
in the atria, direct visualization may even be needed to achieve dura-
ble transmural lesions. Once all ablation targets have been completed
during stable rhythm, pacing attempts should be made to identify ad-
ditional sustained arrhythmias. Focussed mapping in the region of in-
terest alone during short lasting arrhythmia, as demonstrated
elegantly by the Bordeaux group in two cases,27,28 could potentially
avoid mapping the entire and most likely grossly dilated chamber.
A multicentre approach is therefore proposed to acquire
enough data for the various CHD conditions to make firm
recommendations.

In summary, high resolution mapping is definitely helpful when
addressing the complex cohort of CHD patients. However, the sys-
tem needs to undergo substantial improvements with regards to im-
age integration and especially implementation of contact force
measurements to assure best lesion deployment.

Limitations
This is a retrospective analysis of the use of the Rhythmia mapping
system in a highly selected patient cohort with complex CHD condi-
tions that mostly had failed previous ablation attempts. Moreover,
the cohort itself is very heterogeneous and especially the size of the
target chamber made complete mapping a substantial challenge. The
operators’ learning curve with both the manipulation of the mini-
basket catheter and the map settings need to be taken into consider-
ation when judging the outcome of these ablations, aiming at mapping

sustained arrhythmia which may not be the optimal strategy given the
current limitations.

Conclusions

This initial experience of using high-density mapping for arrhythmia
management in patients with CHD allowed rapid acquisition of multi-
ple maps with high accuracy to identify surgical scars and fibrosis. It
was limited by the large atrial volumes, a high percentage of incom-
plete maps and a median of six arrhythmias per patient, resulting in a
modest clinical success and need for re-ablation. Further improve-
ments such as full 3D image integration and contact force assessment
will make this novel multielectrode sequential mapping system hope-
fully a game changer in the near future.
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