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Titre : L'impact des nouvelles technologies de cartographie sur la thérapie 135  
d'ablation dans la tachycardie liée à la cicatrice 136  

 137  
Résumé 138  

 139  
Les innovations telle que les cathéters irrigués et le contact force ont largement amélioré la sécurité et l'efficacité de 140  
l’ablation, et plusieurs technologies de ballon comme le cryoballon ont également raccourci le temps de procédure. 141  
L'électroporation permettrait de réduire considérablement les complications tout en conservant la durabilité et la 142  
transmuralité de la lésion. Cependant, de tels développements dans les techniques d'ablation mais aussi dans les 143  
technologies de cartographie sont indispensables pour de meilleurs résultats du traitement de l'arythmie.  144  
Un circuit de tachycardie atriale (TA) ou de tachycardie ventriculaire (TV) a normalement un isthme critique pour 145  
maintenir la tachycardie. L’identification cet isthme ainsi que la formation d’une lésion durable peuvent être des 146  
facteurs limitants dans l'efficacité du traitement par ablation de ces tachyarythmies. 147  
En plus de certaines techniques d'ablation, plusieurs technologies de cartographie permettant de guider l’ablation 148  
ont récemment vu le jour. L'amélioration considérable des cathéters de cartographie et des technologies d'imagerie 149  
peut notamment avoir un impact sur le diagnostic du mécanisme de la tachycardie et sur l'identification de substrats 150  
et de circuits de tachycardies, conduisant à une meilleure efficacité de l’ablation. 151  
Les cathéters multipolaires de cartographie sont de plus en plus utilisés pour l’analyse du substrat. Cependant, 152  
l'impact clinique de l'espacement inter-électrodes et de la taille des électrodes sur les électrogrammes locaux n'a pas 153  
été systématiquement étudié. De plus, l'efficacité clinique de l'utilisation d'un système de cartographie à ultra haute 154  
résolution / haute densité et de cathéters multipolaires et à espace inter-électrodes réduits n'a pas été complètement 155  
analysé. 156  
Les données issues de l’imagerie cardiaque par résonnance magnétique (IRM) et de la tomodensitométrie (par 157  
exemple zone de cicatrice, épaisseur de paroi) peuvent être combinées avec les informations électroanatomiques du 158  
système de cartographie tridimensionnelle par un nouveau procédé de calcul 'MUSIC'. Toutefois, le véritable 159  
impact clinique de cette technologie n'a pas été étudié. 160  
Par conséquent, les objectifs de ce projet de recherche sont (1) de préciser en quoi les signaux sont affectés par la 161  
différence de taille d'électrode et d'espacement inter-électrodes, et de démontrer les caractéristiques de chaque 162  
cathéter multipolaire dans un modèle animal (2) afin de pouvoir observer le bénéfice clinique de l’utilisation d’un 163  
système de cartographie ultra haute résolution / haute densité et des cathéters multipolaires à mini électrodes 164  
espacées pour identifier une stratégie pratique permettant de détecter l'isthme du circuit de tachycardie et de le 165  
traiter à l'aide de ces technologies, (3) d'évaluer le rapport entre les données d'imagerie et de voltage pour chaque 166  
cathéter multipolaire, et (4) d'élucider l'impact clinique de l’ablation d’une TV guidée par l’imagerie avec le 167  
système MUSIC. 168  
Pour élucider ces points, nous avons mené trois études principales comprenant une série d'expérimentations sur des 169  
animaux et deux séries d'études cliniques. La première série de 4 expériences sur animaux a démontré l'effet de la 170  
taille des électrodes, de l'espacement inter-électrodes, de l’orientation de l’activation des électrogrammes locaux et 171  
du seuil de voltage déterminant les zones de cicatrices. 172  
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La partie clinique est composée de deux études principales. Premièrement, nous avons élucidé l'efficacité de 173  
l'utilisation du nouveau système de cartographie à ultra haute résolution / haute densité, «RhtymiaTM», associé au 174  
cathéter multipolaire OrionTM muni de mini électrodes et d’un espacement inter-électrodes, dans le diagnostic de 175  
plusieurs formes de TA complexes post-FA. La deuxième partie de l’étude clinique décrit la relation entre la 176  
distribution de l’épaisseur de paroi en tomodensitométrie et la cartographie du substrat par système de cartographie 177  
électroanatomique chez les patients avec tachycardie ventriculaire sur cardiomyopathie ischémique. Nous 178  
démontrons également une efficacité clinique des données de l’imagerie sur la cartographie de l'isthme des 179  
tachycardies ventriculaires. 180  
Ma série d’études donne ainsi un aperçu des avantages et des limites des technologies de cartographies récentes 181  
(système de cartographie haute résolution / haute densité avec cathéters multipolaires et tomodensitométrie), tant du 182  
côté expérimental que clinique. 183  
 184  
Mots clés: Tachycardie auriculaire, tachycardie ventriculaire, cicatrice, imagerie, 185  
cartographie  186  
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Title: The impact of novel mapping technologies on ablation therapy 187  
in scar-related tachycardia 188  

 189  
 190  

Summary 191  
 192  
Recent improvement in ablation such as irrigation catheter and contact force has been dramatically raised a safety 193  
and efficacy, and several balloon technologies such as cryoballoon has significantly shorten the procedure time. 194  
Electroporation may remarkably decrease complications with maintaining a lesion durability and transmurality. 195  
However, not only such developments in ablation technologies but also those in mapping technologies are 196  
mandatory for the best outcome of an arrhythmia treatment.  197  
A circuit of atrial tachycardia (AT) and ventricular tachycardia (VT) normally has a critical isthmus to maintain the 198  
tachycardia. Successful detection of this isthmus as well as a durable lesion formation can be a limiting factor in the 199  
efficacy of ablation therapy for these tachyarrhythmias.  200  
In addition to some ablation technologies, several mapping technologies for guiding ablation therapy have recently 201  
emerged. In particular, the remarkable improvement of mapping catheters and imaging technologies may have an 202  
impact on diagnosing a tachycardia mechanism and identifying substrates and circuits of tachycardias, leading to a 203  
procedural efficacy.  204  
Multipolar mapping catheters are increasingly utilized for substrate delineation. However, the clinical impact of 205  
inter-electrode spacing and size of the electrode on the local electrograms has not been systematically examined. 206  
Additionally, the clinical efficacy of using an ultra high resolution/high-density mapping system and multipolar 207  
catheters with small electrodes and spacing has not been fully examined. 208  
Imaging information from Cardia Magnetic Resonance (CMR) and computerized tomography (CT) scan (e.g. scar 209  
area, wall thickness) can be combined with the elecroanatomical information from the 3 dimensional mapping 210  
system by a novel computational tool ‘MUSIC’ system. However, the true clinical impact of this technology has 211  
not been reported.  212  
Therefore, the aims of this research project are to (1) clarify how the signals are affected by the difference of 213  
electrode length and interelectrode spacing, and demonstrate the characteristics of each multipolar catheter in an 214  
animal model (2) to observe a clinical advantage of using an ultra high resolution/high-density mapping system and 215  
multipolar catheters with small electrodes and spacing in identifying a practical strategy to detect the isthmus of the 216  
tachycardia circuit and treat it based on these technologies, (3) to evaluate the relation between the information 217  
from imaging and voltages in each multipolar catheter, and (4) to elucidate the clinical impact of an imaging 218  
guided-VT ablation therapy with the MUSIC system. 219  
To elucidate these points, we conducted three main studies including one series of animal experiments and two series 220  
of clinical studies. The first series of 4 animal experiments demonstrated the effect of electrode size, inter-electrode 221  
spacing, and activation orientation on the local electrograms and voltage threshold determining scars.  222  
The clinical parts composed of two main studies. First, we elucidated the efficacy of using the novel ultra high-223  
resolution/high-density mapping system, 'RhtymiaTM', with the OrionTM multipolar catheter with small electrodes and 224  
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inter-elecotrode spacing catheter, in diagnosing several forms of complex post-AF ATs. The second part of the clinical 225  
study describes the relationship between wall thickness distribution on CT imaging and substrate mapping on the 226  
electroanatomical mapping system in patients with ventricular tachycardias based on ischemic cardiomyopathy. We 227  
also demonstrates a clinical efficacy of imaging information on mapping the isthmus of ventricular tachycardias. 228  
My study series thus provide an insight into the advantage and limitation of recent mapping technologies (high-229  
resolution/high-density mapping system with multipolar catheters and CT imaging) from both experimental and 230  
clinical sides. 231  
 232  
Keywords: Atrial tachycardia, ventricular tachycardia, scar, imaging, mapping 233  
  234  
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AAD, anti-arrhythmic drug 277  
AF, atrial fibrillation 278  
AFL, atrial flutter 279  
AMAT, anatomical macroreentrant AT 280  
AT, atrial tachycardia 281  
AUROC, area under the ROC curve 282  
BiAT, biatrial tachycardia 283  
CA, catheter ablation 284  
CMR, cardiac magnetic resonance 285  
CS, coronary sinus 286  
CT, computed tomography 287  
CTI, cavotricuspid isthmus 288  
DAD, delayed afterdepolarization 289  
DE-MRI, delayed enhanced magnetic resonance imaging 290  
EAD, early afterdepolarization 291  
EAM, electroanatomical mapping 292  
EGM, electrogram 293  
ICD, implantable cardioverter defibrillator 294  
ICM, ischemic cardiomyopathy 295  
LA, left atrium 296  
LAA, left atrial appendage 297  
LAVA, local abnormal ventricular activity 298  
LP, late potential 299  
LV, left ventricle 300  
MA, mitral annulus 301  
MAT, macroreentrant AT 302  
MB, Marshall bundle 303  
MDCT, multiple detector computed tomography 304  
MI, mitral isthmus 305  
NICM, non-ischemic cardiomyopathy 306  
PMF, perimitral flutter 307  
PPI, post pacing interval 308  
PTF, peritricuspid flutter 309  
PV, pulmonary vein 310  
PVC, premature ventricular contraction 311  
RAT, reentrant atrial tachycardia 312  
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RF, radiofrequency 313  
RFA, radiofrequency ablation 314  
RMAT, roof-dependent macroreentrant AT 315  
RV, right ventricle 316  
SCD, sudden cardiac death 317  
SMVT, sustained monomorphic ventricular tachycardia 318  
SVT, supraventricular tachycardias 319  
TA, tricuspid annulus 320  
TCL, total cycle length 321  
VOM, vein of Marshall 322  
VF, ventricular fibrillation 323  
VT, ventricular tachycardia 324  
WT, wall thickness 325  
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3.   INTRODUCTION 428  
 429  
3-1. Background 430  
Conventional radiofrequency (RF) ablation has revolutionized the treatment of many supraventricular tachycardias 431  
(SVTs) as well as ventricular tachycardias (VTs). Successful stabilization of arrhythmias with predictable anatomical 432  
locations or characteristics identified on endocardial electrograms, such as idiopathic VT, atrioventricular nodal 433  
reentrant tachycardia (AVNRT), or typical atrial flutter (AFL), has approached rates of 90% to 99%.  434  
Since Michel Haissaguerre (cardiac electrophysiologist in Bordeaux, France) first reported pulmonary veins (PVs) 435  
as a main source of atrial fibrillation (AF) in 19981 and demonstrated in human hearts that AF sources in PVs can be 436  
removed by ablation, electrical PV isolation (PVI) has become a first-line management strategy for AF2. Although 437  
PVI for paroxysmal AF has become a standard treatment, the strategy for persistent AF has not been established. 438  
Several strategies including linear ablation3–5, CFAE ablation6, EGM-based ablation7, driver ablation8, and others 439  
have been attempted. Although some of these have demonstrated excellent results, a randomized trial did not show 440  
the superiority of additional extensive ablation with PVI9. Conversely, these extensive approaches may lead to more 441  
complex tachyarrhythmias. Additionally, because of the great advancement in cardiac surgery for congenital heart 442  
disease, many adult patients can now undergo procedures to correct complex atrial tachycardia (AT). However, 443  
regarding atrial arrhythmias, the ablation of complex scar-related AT continues to pose a major challenge.  444  
Regarding ventricular arrhythmias, over the past two decades, VT ablation for patients with ischemic (ICM) and non-445  
ischemic cardiomyopathy (NICM) has emerged as a successful adjunctive therapy to implantable cardioverter 446  
defibrillators (ICD) and anti-arrhythmic drug (AAD) therapy. Although ICDs are effective for terminating VT and 447  
ventricular fibrillation (VF), repetitive shocks significantly impair quality of life10–12, and inappropriate ICD shocks 448  
in patients with heart failure are associated with increased mortality13. AADs have an important role in shock 449  
reduction; however, these agents often have limited efficacy and significant side effects14,15. VT ablation is an 450  
important therapeutic intervention in cases of recurrent VT when drugs are either ineffective or poorly tolerated. In 451  
terms of strategy, VT ablation was based primarily on activation and entrainment mapping, with the end point being 452  
non-inducibility of VT16. Entrainment mapping during VT can be performed to electrophysiologically confirm 453  
critical isthmuses or exit sites to determine if ablation should be performed. However, because most VTs are poorly 454  
tolerated hemodynamically, and because induced VTs are not always clinically relevant, an approach involving 455  
substrate mapping is more commonly used to guide ablation. One of the first studies to demonstrate the potential 456  
efficacy of targeting substrates was performed by De Bakker et al, who described scar-related VT circuits related to 457  
surviving bundles associated with a zig-zag course resulting in slow conduction (Figure 3-1)17,18. Subsequently, it 458  
was reported that the substrate that was initially described for myocardial infarction is similarly responsible for scar 459  
related re-entrant VTs that occur with other cardiac disease. However, detection of arrhythmogenic substrates in 460  
patients with scar-related VTs is challenging. A dramatic advancement in recent mapping technology may assist with 461  
the identification of an arrhythmogenic substrate in these scar-related tachycardias in the atrium and the ventricle. 462  
 463  
 464  
 465  
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 466  
Figure 3-1. Zig-zag conduction in the infarct region17,18 467  
Left side: A section of the endocardial wall of a resected posterior papillary muscle that was located close to the site of origin of a ventricular tachycardia. 468  
The section was taken perpendicular to the fiber direction. The papillary muscle was investigated in a super-fused tissue bath. The central part of the 469  
muscle was composed of dense connective tissue (marked by C on the left). A rim of surviving muscle fibers (marked by R) surrounded the core of 470  
fibrous tissue. Myocytes were grouped together, separated by strands of fibrous tissue. The number of myocytes within a cluster varied markedly along 471  
lines perpendicular to the fiber direction. Midle, A schematic drawing of the section. Dotted areas indicate viable muscle bundles; black areas point to 472  
connective tissue. Tracings on the right are extracellular recordings (signals are traced from oscilloscope pictures) made at 0.2mm distances from sites A 473  
to M during stimulation at a site 3mm from A toward the base of the papillary muscle. A reference signal (the upper tracing marked Ref) was recorded 474  
6.5mm from site M toward the tip. Recordings show a varying degree of fractionation, depending on the number of bundles near the recording site. 475  
Right side: Schematic representation of the slowly conducted electrical propagation with inside the scar. Black trace shows the tortuous route that 476  
activation might have followed perpendicular to the fiber direction from the left side of tract A to the right side of tract B. The length of the route from 477  
the left side of tract A to the left side of tract B was 25.2mm, which is18 times longer than the shortest distance between the tracts A and B (1.4mm). 478  
 479  
3-2. Mechanisms of tachycardia  480  
There are three main mechanisms of tachycardia: abnormal automaticity, triggered activity, and macro-reentry19.  481  
Automaticity 482  
Atrial and ventricular myocardial cells do not display spontaneous diastolic depolarization or automaticity under 483  
normal conditions, but they can develop these characteristics when depolarized, resulting in the development of 484  
repetitive impulse initiation, a phenomenon termed depolarization-induced automaticity. The membrane potential at 485  
which abnormal automaticity develops ranges between −70 and −30 mV. The rate of abnormal automaticity is 486  
substantially higher than that of normal automaticity and is a sensitive function of resting membrane potential (i.e., 487  
the more depolarized resting potential, the faster the rate).  488  
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Triggered activity 489  
Depolarizations that occur with or follow the cardiac action potential and depend on preceding transmembrane 490  
activity for their manifestation are referred to as afterdepolarizations. Two subclasses are traditionally recognized: 491  
early and delayed. Early afterdepolarization (EAD) interrupts or restricts repolarization during phase 2 and/or phase 492  
3 of the cardiac action potential, whereas delayed afterdepolarization (DAD) occurs after full repolarization. When 493  
EAD or DAD amplitude are sufficient to achieve the threshold potential of the membrane, spontaneous action 494  
potential referred to as a triggered response results. These triggered events lead to extrasystoles, which can precipitate 495  
tachyarrhythmias. 496  
Reentry 497  
 Reentry is fundamentally different from automaticity or triggered activity depending on the mechanism by which it 498  
initiates and sustains cardiac arrhythmias. Circus movement reentry occurs when an activation wavefront propagates 499  
around an anatomic or functional obstacle or core and re-excites the site of origin (Figure 3-2)20. During this type of 500  
reentry, all cells take turns in recovering from excitation so that they are ready to be excited again when the next 501  
wavefront arrives. In contrast, reflection and phase 2 reentry occur in a setting in which large differences of recovery 502  
from refractoriness exist between sites. The site with delayed recovery serves as a virtual electrode that excites its 503  
already recovered neighbor, resulting in reentrant re-excitation. In addition, reentry can be classified as anatomic and 504  
functional, although there is a gray zone in which both functional and anatomic factors are important for determining 505  
the characteristics of reentrant excitation. 506  
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 507  
Figure 3-2. Ring models of reentry. 508  
(A) Schematic of a ring model of reentry. (B) Mechanism of reentry in the Wolf-Parkinson-White syndrome involving the AV node and an 509  
atrioventricular accessory pathway (AP). (C) A mechanism for reentry in a Purkinje-muscle loop proposed by Schmitt and Erlanger. The diagram 510  
shows a Purkinje bundle (D) that divides into 2 branches, both connected distally to ventricular muscle. Circus movement was considered possible if 511  
the stippled segment, A / B, showed unidirectional block. An impulse advancing from D would be blocked at A, but would reach and stimulate the 512  
ventricular muscle at C by way of the other terminal branch. The wavefront would then reenter the Purkinje system at B traversing the depressed region 513  
slowly so as to arrive at A following expiration of refractoriness. (D) Schematic representation of circus movement reentry in a linear bundle of tissue 514  
as proposed by Schmitt and Erlanger. The upper pathway contains a depressed zone (shaded) that serves as a site of unidirectional block and slow 515  
conduction. Anterograde conduction of the impulse is blocked in the upper pathway but succeeds along the lower pathway. Once beyond the zone of 516  
depression, the impulse crosses over through lateral connections and reenters through the upper pathway. (C and D from Schmitt FO, Erlanger J. 517  
Directional differences in the conduction of the impulse through heart muscle and their possible relation to extrasystolic and fibrillary contractions21.) 518  
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 519  
The following criteria developed by Mines22,23 for the identification of circus movement reentry remain in use today: 520  
an area of unidirectional block must exist; the excitatory wave progresses along a distinct pathway, returning to its 521  
point of origin and then following the same path again; and interruption of the reentrant circuit at any point along its 522  
path should terminate the circus movement. 523  
It was recognized that successful reentry could occur only when the impulse was sufficiently delayed in an alternate 524  
pathway to allow for expiration of the refractory period in the tissue proximal to the site of unidirectional block. Both 525  
conduction velocity and refractoriness determine the success or failure of reentry, and the general rule is that the 526  
length of the circuit (path length) must exceed or equal that of the wavelength, with the wavelength defined as the 527  
product of the conduction velocity and the refractory period or that part of the path length occupied by the impulse 528  
and refractory to re-excitation. Therefore, the theoretical minimum path length required for development of reentry 529  
was dependent on both the conduction velocity and the refractory period. Reduction of conduction velocity or APD 530  
can significantly reduce the theoretical limit of the path length required for the development or maintenance of reentry. 531  
 532  
3-3. Mechanism of scar-related tachycardia 533  
With scar-related tachycardias, the main mechanism is reentry. Within the scar, bundles of surviving myocytes with 534  
damaged intracellular connections (Connexin 43), electrically inactive regions, fibrosis (elastin and collagen), 535  
calcification, and fat can be found. These conditions are known to be associated with increased anisotropy, slow 536  
conduction, and block critical to the reentry circuit. 537  
In scar-related AT, these scars may originate from atrial scarring after prior heart surgery or ablation, but they could 538  
also occur in any form of heart disease or be idiopathic24–26. However, an increasing number of complex scar-related 539  
AT may be due to extensive ablation for persistent AF27–29.  540  
With scar-related VT, the majority of ventricular scars are related to fibrosis after ventricular inflammation or 541  
ischemia. With NICM, scars distribute in a patchy manner, more extensively, and predominantly intramural to the 542  
epicardial LV wall. In contrast, in ICM, scars due to myocardial ischemia present as wave-like necrosis starting from 543  
the endocardium and progressing toward the epicardium30. 544  
 545  
3-4. Treatment of scar-related tachycardias (ATs and VTs) 546  
Treatment of scar-related AT is based on rate control and rhythm control. For rate control, beta-blockers, diltiazem, 547  
or verapamil are recommended, and anticoagulation may be considered for patients at risk for thrombosis. However, 548  
it may be difficult to achieve rate control in patients with scar-related AT, especially in post-AF ablation non-CTI-549  
dependent flutter. When the ventricular response cannot be controlled with common rate-control medications, 550  
restoration of the sinus rhythm should be considered. Although pharmacological therapy including amiodarone, 551  
dofetilide, sotaloland, or class I antiarrhythmics (for patients without any structural heart disease) can be used, 552  
catheter ablation (CA) is the first-line therapy. The superiority of CA over AAD for recurrent AT after persistent AF 553  
ablation with regard to SR maintenance, long-term safety, and improvements in quality of life has been reported31.  554  
In contrast to scar-related AT, scar-related VT, which is often sustained monomorphic VT (SMVT), is life-threatening 555  
arrhythmia associated with sudden cardiac death. Chronic therapy of patients with SMVT usually requires utilization 556  
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of multiple therapeutic modalities, including ICD, AADs, CA, and/or arrhythmia surgery.  557  
ICD therapy: Patients who survive an episode of SMVT in the setting of structural heart disease (post-MI or 558  
nonischemic cardiomyopathy) are typically candidates for implantation of an ICD to treat recurrent VT and reduce 559  
the risk of SCD32–37. Although some patients are treated with other therapies such as AADs, RF ablation, or surgery, 560  
an ICD is the most common initial treatment for SMVT; however, survival benefits and superiority of the ICD over 561  
other therapies have not been established for any particular therapy because these patients were excluded from ICD 562  
trials. These other therapies are used either as an adjunct to an ICD or as an alternative for patients who are not 563  
candidates for or who refuse ICD therapy. 564  
Antiarrhythmics: Beta-blocker therapy is indicated for nearly all patients who experience VT, including patients 565  
with prior MI, heart failure, reduced LV systolic function, and others. Beta-blockers provide some level of protection 566  
against recurrent VT. No other antiarrhythmic medication has been demonstrated to reduce the mortality rates of 567  
patients with sustained monomorphic VT. Therefore, the use of AADs for patients should be limited to two settings: 568  
as an adjunct to an ICD for patients with frequent arrhythmia recurrences and ICD shocks and as primary therapy or 569  
an adjunctive therapy to CA for patients who do not want or who are not candidates for an ICD. Amiodarone and 570  
sotalol may be used in this case. 571  
Catheter ablation: For patients with recurrent SMVT resulting in ICD shocks despite treatment with an AAD, we 572  
suggest catheter-based RFA rather than the addition of a second antiarrhythmic agent38. RFA is also an alternative to 573  
AADs as the initial therapy for SMVT patients who do not desire AADs. Prophylactic substrate-based catheter 574  
ablation reduced the incidence of ICD therapy for patients with a history of myocardial infarction who received an 575  
ICD for the secondary prevention of sudden death39. It would be an option for the management of ventricular 576  
arrhythmias in patients with advanced heart failure40. In addition, RFA, with or without AAD therapy, is an option 577  
for patients with SMVT who are not candidates for or who refuse ICD implantation. 578  
 579  
3-5. Mapping of scar-related tachycardia 580  
Cardiac mapping refers to the process of identifying the temporal and spatial distributions of myocardial electrical 581  
potential during a particular heart rhythm. Cardiac mapping is a broad term that covers several modes of mapping, 582  
such as body surface, endocardial, and epicardial mapping. Cardiac mapping during tachycardia aims at elucidating 583  
the mechanism(s) of tachycardia, describing the propagation of activation from its initiation to its completion within 584  
a region of interest, and identifying the site of origin or a critical site of conduction to serve as a target for catheter 585  
ablation. Several methods of electrophysiologically mapping tachycardias have been reported, such as entrainment 586  
mapping, activation mapping, pace mapping, and substrate mapping. Because mapping during the tachycardia should 587  
be a fundamental approach, entrainment mapping and activation mapping are frequently used for both ATs and VTs. 588  
For scar-related AT, the AT circuit and the critical isthmus are usually identified during tachycardia based on 589  
entrainment mapping and activation mapping41–43. However, in contrast to scar-related AT, the majority of patients 590  
with VTs and structural heart disease presenting for CA have hemodynamically unstable VTs that prevent accurate 591  
delineation of the the reentrant circuit and its critical isthmus with activation mapping or entrainment mapping. 592  
Therefore, pace mapping and substrate mapping are used to characterize areas likely to support reentry based on 593  
electrophysiological characteristics that can be determined during stable sinus or paced rhythm. Mapping allows for 594  
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the elimination of VT, irrespective of inducibility or hemodynamic tolerance. Even for hemodynamically stable VTs, 595  
substrate mapping is often used to limit activation mapping or entrainment mapping, and to target a region of interest. 596  
Current criteria used to define the abnormal arrhythmogenic substrate rely on a combination of lower bipolar or 597  
unipolar voltage and abnormal electrogram characteristics (e.g., fragmented, split, and late electrograms). These 598  
abnormal electrogram features can represent slow or delayed activation that comprises surrogate markers for potential 599  
VT circuits. 600  
 601  
3-5-A. Entrainment mapping 602  
Entrainment mapping is an established electrophysiological technique used to identify arrhythmia mechanisms and 603  
define components of the reentrant circuit. First described in the late 1970s by Waldo et al41, entrainment mapping 604  
was subsequently used to localize areas of the myocardium that were within a reentrant circuit during both atrial 605  
macroreentry42–44 and ventricular tachycardia45. Macroreentry was diagnosed when at least two atrial pacing sites at 606  
least 2 cm apart were within the circuit (post-pacing interval (PPI) minus total cycle length (TCL) [PPI-TCL], 20 607  
ms)46 and/or when orthodromic capture of upstream electrograms from a downstream pacing site could be 608  
demonstrated47. Sites were considered within the circuit if the PPI–TCL was 20 ms. Sites with PPI-TCL between 20 609  
and 40 ms were considered intermediate. Sites with PPI-TCL of 40 ms were thought to be outside the active circuit. 610  
In scar-related VT with entrainment mapping, good ablation sites have identical stimulus to QRS (S-QRS) and EGM-611  
QRS time, short PPI-TCL (<30 ms), and concealed entrainment.45 The relation between a given local site and the VT 612  
circuit can be mapped using entrainment mapping as shown in the Figure 3-5. 613  

 614  
Figure 3-5-1. Practical use of entrainment mapping 615  
Left side: Flow diagram for classification of mapping sites in a model of scar-related ventricular tachycardia. The bottom shows a schematic model of a 616  
double loop re-entry circuit with multiple bystander sites. Pacing from sites indicated by black arrows are likely to exhibit concealed fusion, while areas 617  
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outside the re-entry circuit (grey arrows) would likely show QRS fusion (see text for discussion). Right side: Entrain- ment of ventricular tachycardia 618  
with a cycle length (TCL) of 400 milliseconds with findings that would be consistent with pacing at the two re-entry circuit sites indicated. From the top 619  
are surface ECG leads I, II, III, V1, and V5 and intracardiac recordings from the mapping catheter (abl) and distal His bundle catheter. (A) Pacing from 620  
the distal ablation catheter with a CL of 370 milliseconds reveals entrainment with concealed fusion; stimulus-to-QRS interval (100 milliseconds) minus 621  
electrogram-to-QRS interval (60 milliseconds) = 40 milliseconds and a PPI of 430 milliseconds, both indicating that the pacing site is likely in an adjacent 622  
bystander region close to the isthmus (PPI – TCL = 30 milliseconds). The local electro- gram is low-voltage. (B) Pacing at an adjacent site (lower right 623  
panel) shows concealed fusion and a PPI equal to TCL, indicating an isthmus site. The local electrogram recorded at the disal ablation catheter (ABL d) 624  
from this site is broader and appears highly fractionated. The stimulus-to- QRS interval of 100 milliseconds is consistent with a location near the exit, 625  
and is only 10 milliseconds longer than the electrogram-to-QRS interval (90 milliseconds). S-QRS = stimulus-to-QRS interval. 626  
 627  
3-5-B. Activation mapping 628  

 629  
Figure 3-5-2. Activation patterns in tachycardias 630  
 631  
Activation mapping is another important method of identifying the optimal ablation site for AT. Because scar-related 632  
AT frequently shows the reentrant mechanism, intracardiac activity should be present at some point in the heart 633  
throughout the cardiac cycle. For mapping reentrant tachycardias, the goal of mapping is identification of the critical 634  
isthmus of the reentrant circuit including macroreentrant ATs (MATs) . EGMs are typically recorded through at least 635  
70-90% of the TCL in reentrant AT. Reentrant AT is typically characterized by earlier EGM timing in diastole; 636  
furthermore, mid-diastole (or even earlier) potential has been correlated with successful ablation sites. 637  
In scar-related VT, both activation mapping and entrainment mapping are powerful tools that can identify the VT 638  
circuit and critical isthmus. Ideally, the entire VT cycle length can be mapped by contact mapping with a bipolar 639  
catheter or a multipolar catheter48. In scar-related VT, a zone of slow conduction over a pathway of possibly complex 640  
geometry (e.g., nonlinear, nonhomogenously anisotropic) provides the diastolic limb of the reentrant circuit. After 641  
emerging from the zone of slow conduction, the wavefront propagates rapidly throughout the ventricles to generate 642  
the QRS complex. Therefore, mid-diastolic potential, which indicates an isolated area of the isthmus bordered by an 643  
anatomical obstacle and/or dense scar without excitable tissue, and early or presystolic potential, which indicates the 644  
close proximity to the exit region from the zone of slow conduction, should be targeted as ablation sites.  645  
 646  
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3-5-C. Pace mapping 647  
Pace mapping is a technique designed to help locate tachycardia sources by pacing at different endocardial sites to 648  
reproduce the ECG morphology of the tachycardia. Pace mapping is based on the principle that pacing from the site 649  
of origin of a focal tachycardia at a pacing CL similar to the tachycardia CL will result in the same activation sequence 650  
as that during the tachycardia. With this technique, the origin of a PVC or VT can be localized by stimulating the 651  
myocardium to reproduce clinical 12-lead morphology when it is difficult to induce clinical VT or when the VT is 652  
hemodynamically unstable. The optimal site should exactly match the tachycardia QRS, including individual notches 653  
and major deflections. The results of a comparison of the 12-lead ECG during pace mapping and VT are usually 654  
expressed using a scale from 0 to 12. Manufacturer-specific algorithms (Labsystem Pro, Boston Scientific, Arden 655  
Hills, MN [formerly Bard]; PaSo CARTO module, Biosense Webster, Diamond Bar, CA; Rhythmia, Boston 656  
Scientific, Marlborough, MA; and EnSite Precision, Abbott Laboratories, Abbott Park, IL) provide template-657  
matching algorithms to quantify the difference between VT morphology and pace maps49,50. Multiple scar exit sites 658  
(MES; all with ≥10/12 match with VT) from the scar can be seen when performing pace mapping (10 mA, 2 ms) at 659  
an abnormal EGM site presenting with ≥2 pace-map morphologies (<10/12 match) at the same pace-map drive train 660  
(400-600 ms). A recently developed technique uses high-density pace mapping for the visualization of the critical 661  
isthmus (orientation and length). With this technique, a detailed color-coded pace map is created. Although exit sites 662  
characteristically have perfect pace maps, entrance sites have the worst pace maps but show abrupt changes in pace-663  
map matches, which indicate the location of the isthmus. The S-QRS interval is also an important 664  
parameter. Ventricular pacing in normal myocardium is associated with an S-QRS interval less than 40 ms. However, 665  
an S-QRS interval more than 40 ms is consistent with slow conduction from the pacing site and is typically associated 666  
with abnormal fractionated EGMs recorded from that site. Therefore, pace mapping can provide a measure of slow 667  
conduction, as indicated by the S-QRS interval51,52. Parts of the VT reentry circuit isthmuses can be traced during 668  
NSR by combining both the QRS morphology and the S-QRS delay from pace mapping in anatomical maps. 669  
Importantly, the pacing rate has been reported to alter the QRS morphology; therefore, a pacing rate close to the VT 670  
rate should be used53. Pacing at stimulus strengths only slightly greater than the threshold is desirable to avoid capture 671  
over a large area, which can reduce accuracy; however, checking the threshold at each mapping point is time-672  
consuming and might not be practical.  673  
 674  
3-5-D. Substrate mapping 675  
Voltage criteria for scar identification 676  
Scar tissue can be identified based on the bipolar electrogram amplitude. A value of <0.5 mV indicates a dense scar; 677  
this value was previously determined through intraoperative mapping using an ablation catheter for patients with 678  
post-infarction VT54. Additionally, a value of >1.5 mV indicates healthy tissue; this value is based on voltage mapping 679  
of the normal heart in the absence of structural disease55. Voltage between 0.5 mV and 1.5 mV defines abnormal low-680  
voltage areas56. For epicardial mapping, a low-voltage threshold <1 mV is used for abnormal late, split, and wide 681  
potential >80 ms54,57,58. Unipolar low-voltage thresholds to identify scars are -<5.5 mV in the RV and <8.3 mV in the 682  
LV. Unipolar voltages provide information over a wider field; therefore, they are valuable for predicting the presence 683  
of intramural or epicardial scars59,60. 684  
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Other electrogram characteristics as ablation targets 685  
Low-voltage areas in scars are often large, and not all are related to VT. To avoid unnecessarily extensive ablation, 686  
several other EGM features acquired during sinus rhythm or elicited by pacing maneuvers have been studied to 687  
identify areas potentially related to VT within the scar. In the seminal study by de Bakker et al17, the authors 688  
demonstrated the presence of heterogeneous “zig-zag” conduction within the infarcted area, which was related to the 689  
presence of poor cell-to-cell coupling of surviving myocyte bundles interspersed among fibrous tissue. In these 690  
regions, abnormal fractioned and LPs were recorded. Clinical studies have adopted heterogeneous definitions of 691  
abnormal electrograms with nonuniform use of terms such as “fragmented,” “split,” and “late”; however, the 692  
relationship between these surrogate markers and VT circuits remains to be thoroughly explored61. Therefore, local 693  
abnormal ventricular activities (LAVAs) may include all abnormal ventricular signals representing nearfield signals 694  
from poorly coupled fibers within scars indicating potential VT isthmus sites62. 695  
 696  
3-6. Tools for cardiac mapping 697  
3-6-A. Electroanatomical Mapping Systems 698  
Cardiac electrical information obtained from catheter-mounted electrodes and 3D spatial location information can be 699  
combined by an electroanatomical mapping (EAM) system to reconstruct an image that represents the targeted 700  
cardiac chamber63. Several 3D EAM systems are commonly used in clinical practice, as shown in the Figure 3-6-1. 701  

 702  

Figure 3-6-1. Three major mapping systems used in the industry 703  
 704  
The EnSite Precision system (Abbott Laboratories, Abbott Park, IL; formerly EnSite Velocity and EnSite NavX, St. 705  
Jude Medical, St. Paul, MN) localizes diagnostic and ablation catheters based on the voltage and impedance 706  
measurements. With the use of proprietary catheters, the EnSite Precision system can now add magnetic-based 707  
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information to the map that can aid accurate localization. 708  
The CARTO mapping system (current version of CARTO 3; Biosense-Webster, Diamond Bar, CA) can accurately 709  
display the localization of proprietary mapping and ablation catheters based on magnetic field differences. Using this 710  
system, the electrodes and shafts of various diagnostic catheters are visualized based on the impedance-based 711  
algorithm. A proprietary intracardiac ultrasound catheter can interface with the mapping system to further define 712  
cardiac geometry within the mapping field64. 713  
The Rhythmia HDx mapping system (Boston Scientific, Marlborough, MA) uses both magnetic-based and 714  
impedance-based methods for catheter tracking. A prominent feature of this system is the proprietary 64-pole mini-715  
basket catheter with closely spaced electrodes.  716  
 717  
The principles of cardiac electrophysiology are essential to create maps that accurately represent physiology and 718  
anatomy. Although it is generally accepted that the use of the EAM system can reduce fluoroscopy time and allow 719  
for more precise mapping, it is also important to understand that maps created using EAM systems are considerably 720  
affected by various factors such as annotation of EGM qualities, catheter-tissue contact, distribution and density of 721  
sampled points in the map, the rhythm being mapped, direction and velocity of the activation wavefront, and the size 722  
and spacing of the electrodes. 723  
Numerous technologies have been developed or are in development to improve mapping quality and user experience. 724  
These include automated chamber segmentation, imported scar delineation from alternative cardiac imaging such as 725  
cardiac magnetic resonance (CMR), computed tomography (CT), and echocardiography, and automated electrogram 726  
analysis tools. Ultra-high-density mapping catheters have significantly changed the resolution of scar features and, 727  
as a result, our understanding of tachycardia circuit physiology. 728  
EAM has been proven to be a versatile technology for guiding treatment of a wide range of arrhythmias. EAM 729  
provides an impact by offering the operator the possibility of using various mapping strategies, including activation 730  
maps, entrainment maps, pace maps, electrogram amplitude (voltage) maps, propagation maps, Isochronal maps, and 731  
tagging location of specific electrograms of interest.  732  
 733  
3-6-B. Multipolar Mapping Catheters 734  
Although the development of 3D-EMS had a huge impact on the field of ablation treatment, it has several limitations. 735  
To acquire electroanatomical information, the ablation catheter has to have constant contact with the heart. With an 736  
ablation catheter, which usually comprises a 4-mm-tip electrode and a 2-mm-ring electrode separated by 1 mm of 737  
spacing55, this mapping process requires extensive time, and the geometry between two points is a black box; 738  
therefore, the created geometry is not precise because of a low density of points, as shown in the Figure 3-6-255.  739  
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 740  

Figure 3-6-2. Conventional point-by-point mapping with an ablation catheter 741  
 742  
With the introduction of mapping systems capable of acquiring data simultaneously from multiple sites for each beat, 743  
an increasing number of multielectrode mapping catheters has been used over the past several years as shown in the 744  
Figure 3-6-3. These catheters provide several advantages, particularly regarding mapping density, resolution, and 745  
speed. The ability to record EGMs from multiple sites at each beat not only increases the number of points but also 746  
decreases the mapping time. Smaller electrodes with shorter interelectrode spacing are frequently used for these 747  
multipolar catheters, resulting in increasing mapping density and resolution, which may be better for the identification 748  
of surviving myocardial bundles within heterogeneous scar tissue that may be missed with standard ablation catheters 749  
with larger electrodes and spacing65–69. These catheters may also be useful for activation mapping during tachycardia 750  
due to rapid acquisition of multiple points from several sites with high spatial resolution, which can facilitate the 751  
identification of a reentry isthmus or origin of tachycardia69. 752  
Currently, several multielectrode catheters are available. The Pentaray catheter (Biosense Webster, Diamond Bar, 753  
CA) is shaped like a flower and has five splines, each with four electrodes (a total of 20 electrodes), which can be 754  
used with the CARTO EAM system. Each electrode is 1 mm in size, and inter-electrode spacing between the bipole 755  
is 2 mm (center to center). This catheter frequently causes ectopic beats in areas of contracting myocardium, and 756  
spatial sampling is nonuniform due to the variable spread of the splines and limited contact with the myocardium.  757  
The Advisor HD Grid catheter (Abbott Laboratories, Abbott Park, IL) is shaped like a flat broom with a novel four-758  
by-four unipolar electrode array that can be used in conjunction with the EnSite Precision system70. Each electrode 759  
is 1 mm in size and equidistantly spaced 4 mm (center to center) apart from each other. A potential advantage is the 760  
uniform spatial sampling; however, the collection of ventricular mapping data in humans in vivo is currently not 761  
possible.  762  
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The third catheter is a small basket catheter with 64 very small electrodes arranged on eight splines that can be used 763  
with the Rhythmia EAM system (Orion; Boston Scientific, Marlborough, MA)69,71. Each electrode is 0.4 cm2 in size, 764  
and the inter-electrode spacing is 2.5 mm. Specifically, the unidirectional and extremely small printed electrode 765  
minimizes the far field effect. This catheter has a low noise level, thereby facilitating the recording of low- amplitude 766  
signals. However, the basket is not well-suited for mapping the papillary muscles, RV, or epicardium.  767  
Although multielectrode mapping catheters provide a great advantage in the mapping process, the following 768  
limitations should be considered: mechanical trauma with frequent ectopy; transient injury of the superficial 769  
conduction bundles; limited maneuverability; lack of tissue contact information; and the potential for thrombus 770  
formation with the need for careful anticoagulation.  771  
 772  

 773  

Figure 3-6-3. Multipolar catheters for high-resolution/high-density mapping 774  
 775  
3-6-C. Imaging  776  
Magnetic resonance imaging (MRI) 777  
Although the spatial resolution and quality of the 3D reconstructions are slightly poorer with MR angiography than 778  
with multiple detector computed tomography (MDCT) angiography, CMR provides excellent soft tissue image 779  
resolution and is widely regarded as the gold standard for imaging of the structural VT substrate. In addition to 780  
providing a detailed assessment of cardiac morphology and function, CMR visualizes myocardial scars with a high 781  
degree of precision72. MRI provides valuable information about the scar and grey zone areas, scar transmurality, 782  
heterogeneity, and location, and it is able to visualize intramural and epicardial scars. The VT origin could be 783  
identified within a hyper-enhanced LV scar region in 96% of cases73. 784  
In the atria, delayed enhanced MRI (DE-MRI) has been reported to characterize the atrial fibrosis in detail74. Attempts 785  
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to categorize the extent of fibrosis seem to be correlated with epidemiological variables and AF ablation outcomes75. 786  
DE-MRI may visualize the critical site of the reentrant circuit, which should be targeted for ablation. 787  
MDCT imaging 788  
High-quality pre-procedural imaging has two main goals: to gain a comprehensive understanding of the cardiac 789  
anatomy to identify any technical difficulties and to detect any potential risks76.  790  
Detailed anatomic variants of the size and shape of cardiac structures can be characterized. Sizing and location 791  
information (for example, in LA and PV) provided by 3D imaging may become even more important with the advent 792  
of complex ablation tools such as cryoballoons.  793  
The anatomical interrelationship of extracardiac structures (esophagus, phrenic nerve, coronary arteries and the 794  
venous system, valve apparatus, epicardial fat, calcification, etc.) with cardiac chambers is important because of 795  
their vulnerability to ablative injury77 A thrombus in the LA, LAA, and LV can be ruled out preprocedually78,79. In 796  
VT patients, scar characteristics can be observed as wall thinning in the scar region with the use of MDCT, which 797  
provides high spatial and temporal resolution80. Intra-myocardial hypodensity and subepicardial “scalloping” 798  
provide additional information regarding hypoperfusion and (fibro-)fatty replacement81.  799  
3-6-D. Image integration 800  
Current ablation techniques are heavily reliant on EAM systems, which invasively create 3D reconstructions of 801  
cardiac chambers (Carto, Biosense Webster, Inc; NAVX, St. Jude Medical; Rhythmia Mapping, Boston Scientific 802  
Inc). Relying solely on EAM is associated with important limitations because EAM systems do not provide true 803  
anatomic imaging; instead, they derive 3D reconstructions from catheter– electrode contact at the myocardial 804  
surface. To achieve high-resolution 3D images of the left cardiac geometry using conventional mapping systems, 805  
the catheter has to be sequentially placed at many different sites in the chamber, which can be time-consuming and 806  
does not always show all anatomical details of the chamber, especially in anatomically abnormal patients.  807  
Additionally, because contact with the catheter surface highly impacts the electro-anatomical information, and 808  
because far-field and near-field effects cannot be negligent, there is potential to generate inaccurate data or errors of 809  
the scar characteristics, especially in a ventricle. 810  
Overall, EAM systems have the potential to underestimate or overestimate the extent of scars and arrhythmogenic 811  
substrates. Therefore, real-time integration of preprocedural or intraprocedural imaging in EAM systems to guide 812  
ablation procedures may provide an increasing interest. Integration of imaging data provides a more accurate 813  
definition of the extent and distribution of the arrhythmogenic substrate. Furthermore, image integration provides 814  
detailed anatomical information that allows us to manipulate a catheter more easily and in a safer manner. 815  
At CHU Bordeaux, the preprocedural information can be implemented in a 3D model using the MUSIC platform 816  
(CHU Bordeaux, LYRIC, INRIA) and exported as meshes that can be integrated in the 3D EMS to understand the 817  
individual patient’s disease and guide the approach and ablation. Figure 3-6-4 briefly summarizes the Music platform, 818  
and an example is provided in Figure 3-6-5.  819  
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 820  

Figure 3-6-4. The MUSIC platform. 821  
All preprocedural information acquired from MDCT, DE-MRI, body surface mapping or other imaging is processed in the MUSIC platform. Different 822  
3D meshes are made and exported as a .vtk or DIF model with color-coded wall thickness maps and scar and border zone maps. These meshes can be 823  
merged on the 3D EAM system to guide the ablation procedure.  824  
 825  

 826  

Figure 3-6-5. Various types of preprocedural imaging information and integration in the EAM system. 827  
 Patients with an inferior infarction. A. Color-coded wall thickness map created from MDCT data. B. Fat tissue distribution map from MDCT data. C. 828  
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Scar distribution from MDCT data. D. Scar distribution map from DE-CMR data. All maps can be integrated in the EAM system using the MUSIC 829  
platform.  830  
 831  
3-7. Aim of the thesis 832  
Conventional mapping techniques and modalities that have been used so far to clarify the mechanisms of scar-related 833  
tachycardias are described herein. The aim of the thesis was to describe the impact of recent improvements in 834  
mapping technology, especially high-resolution/high-density mapping systems and imaging, on ablation treatment. 835  
The thesis has two main parts, the animal experimental part and the clinical study.  836  
Recently, high-resolution/high-density mapping systems are being increasingly used in clinical situations, as 837  
mentioned in the Introduction. As described in chapter 4, we analyzed the detailed effects of several factors involved 838  
in catheter configuration on EGMs. First, using infarcted sheep and a high-density grid catheter, we endocardially 839  
mapped the LV, collected the EGMs referencing MRI-guided scar and healthy areas, and analyzed the impact of inter-840  
electrode spacing on local EGMs in scar, border, and healthy areas. Next, using a similar animal model with the same 841  
catheter, we analyzed the impact of bipolar orientation compared with the activation direction on EGMs. Then, we 842  
discussed the impact of inter-electrode spacing and bipolar orientation on the threshold to determine the scar. Finally, 843  
we analyzed the impact of the electrode size on EGMs. In the last study, we directly mapped the heart epicardially 844  
with dedicated catheters with a different electrode size in sheep with a standard median sternotomy.  845  
The clinical parts of the thesis are described in chapter 5 and chapter 6. In chapter 5, we elucidated the effectiveness 846  
of using the novel EAM system, RhythmiaTM, with the Orion catheter, which provides a map with the highest 847  
resolution and highest density available so far. We mapped several forms of complex post-AF ATs using this system 848  
to clarify the AT mechanisms and precise circuits of these ATs and to validate the accuracy of determining the critical 849  
site for AT termination using this system. First, we revisited the anatomical MATs in post-AF ATs and elucidated the 850  
detailed circuits of these ATs. Following the first study in this chapter, we also reported the complex circuits in 851  
localized ATs, PV-related ATs, multiple-loop ATs, single-loop biatrial ATs, VOM-related ATs, and recurrent cases of 852  
these post-AF ATs. Additionally, we focused on the detailed activation in the high-resolution and high-density map 853  
and elucidated a simple mechanism to predict the termination and conversion of ATs. Finally, using Lumipoint 854  
software, which includes the newest algorithm for the Rhythmia system, we performed a simple and quick assessment 855  
to discriminate reentrant ATs from focal ATs.  856  
Chapter 6 deals with the relationship between wall thickness distribution on CT imaging and substrate mapping on 857  
the 3D EAM in ICM patients. First, we characterized the relationship between the regional myocardial WT as imaged 858  
by MDCT and EGM amplitudes within the scar, including near-field and far-field components. We also clarified 859  
which component is automatically considered by the mapping system according to the WT. Second, we analyzed the 860  
high-resolution activation map of VT created by the RhythmiaTM mapping system and compared the location of the 861  
VT isthmus and wall thickness channels derived from MDCT. Finally, we compared two ablation strategies: the 862  
LAVA elimination strategy and the CT channel ablation strategy. In a total of 214 consecutive patients who received 863  
CA for ischemic VT, 25 patients with a CT channel-based ablation strategy and 25 with a LAVA ablation strategy, 864  
were matched in a 1:1 ratio based on propensity scores, and acute and midterm results were compared. 865  
 866  
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Chapter 7 briefly provides a summary and perspectives of mapping technology.  867  
  868  
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4. Impact of bipolar configuration in the recent high-resolution/high density 869  
mapping catheter on the local electrograms 870  

 871  
Several factors, such as catheter and electrode shapes82, electrode size68, inter-electrode distance83, filtering84, tissue 872  
contact85, bipole vs activation orientation86,87, conduction velocity82 are known to affect the EGMs. However, not all 873  
of them are analyzed systematically with in-vivo study (many of them are assessed by computation programing). 874  
Following the recent improvement of catheter technology, we focus on the three factors which may be differently 875  
installed on the mapping catheters depending on each compnay providing them, and which may affect the EGMs. 876  
The fundamental concept between the catheter setting and EGMs should be understood when we perform high 877  
density/high resolution mapping with multipolar catheters. 878  
 879  
4-1. Impact of electrode spacing on the local EGMs 880  
Background and purpose of the study 881  
High-density/high-resolution mapping are increasingly being used for substrate delineation. Multipolar catheters with 882  
smaller electrode and inter-electrode spacing offer faster and higher density/resolution map28,87,88 and be expected to 883  
be superior to those obtained using conventional ablation catheters. Identification of low-voltage area, and abnormal 884  
EGMs is mandatory to target ablation sites. However, EGMs may be different between the catatheter settings, and 885  
the impact of these factors on bipole EGMs in the ventricle has not been systematically examined. In this study, we 886  
aimed to delineate the effect of increasing inter-electrode spacing on local (far- and near- field) EGMs, with reference 887  
to scar regions defined by MRI.  888  
Methods and Results 889  
For the study, HD-Grid catheter (Abbott, Minneapolis, MN, USA, Figure 1A) was used, where we can select a 890  
different bipolar pairs to create a given EGM. To assess the effect of bipolar spacing, specific configuration was 891  
created using electrodes 1 to 5 in each spline (Figure 4-1). The 2-mm bipole pair (Bi-2, 2mm center to center, 1mm 892  
edge-to-edge) was created from electrodes 1-2, 2-3, 3-4, and 4-5 in each spline, which was defined as the smallest 893  
segment. Bi-2 was compared to the 4-mm bipole pair (Bi-4, 4mm center to center, 3mm edge-to-edge) created from 894  
electrodes1-3 and 3-5 in each spline. We also used the 8-mm bipole pair (Bi-8, 8mm center-to-center, 7mm edge-to-895  
edge) created from electrodes 1-5. (Figure 4-1). In each beat acquisition, EGMs created by 2, 4, and 8mm center-to-896  
center spacing covering exactly the same site was compared; Four Bi-2 segments are compared with two Bi-4 and 897  
one Bi-8 recordings. Unipolar- and bipolar-EGMs were filtered from 2-100 Hz, and 30-300 Hz, respectively. 898  
 899  
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 900  

Figure 4-1. Bipolar configuration on the HD-GridTM catheter MRI-image registration 901  
The HD-GridTM catheter has eight 1-mm electrodes with 1-mm spacing (edge-to-edge) in each spline. HD-32 mounts 4-splines, and HD-56 mounts 7-902  
splines. 2-mm bipole pair (center to center) (Bi-2), which covers one segment, is created from electrodes 1-2, 2-3, 3-4, and 4-5 in each spline. The 4-mm 903  
bipole pair (Bi-4) is created from electrodes1-3 and 3-5 in each spline. The 8-mm bipole pair (Bi-8), which covers one site, is created from electrodes 1-904  
5 (A). MRI-image with MRI-defined scar and grey area (border area) is merged in the 3D mapping system (B). 905  
 906  
Results 907  
3591 segments in Bi-2 were free from local abnormal ventricular activities (LAVAs); 1630 segments were within 908  
the MRI-defined scar/border area. Among them, 172 (10.6%) segments in Bi-4, and 219 (13.4%) segments in Bi-8 909  
showed LAVAs. In contrast, LAVAs were identified in 1177 segments in Bi-2; 1118 segments were within the MRI-910  
defined scar/border area. Among them, LAVAs were missed in 161 (14.4%) segments in Bi-4, and 409 (36.6%) 911  
segments in Bi-8.  912  
In segments with LAVAs, median far-field voltage increased from 0.09[0.06-0.14]mV in Bi-2, to 0.16[0.10-0.24]mV 913  
in Bi-4, and 0.28[0.20-0.42]mV in Bi-8 (P<0.0001). Median near-field voltage increased from 0.14[0.08-0.25]mV in 914  
Bi-2, to 0.21[0.12-0.35]mV in Bi-4, and 0.32[0.17-0.48]mV in Bi-8 (P<0.0001). Median near/far-field voltage ratio 915  
decreased from 1.67 in Bi-2, to 1.43 in Bi-4, and 1.23 in Bi-8 (P<0.0001). In the purely scarred area, median voltage 916  
significantly (P<0.0001) increased from 0.13mV to 0.26mV in Bi-4, and 0.51mV in Bi-8. Adding the voltage of two 917  
or four adjacent 2-mm bipoles (Bi-2) included in the corresponding Bi-4 or Bi-8 resulted in almost the same voltage 918  
(R2=0.99, R2=0.98, respectively). 919  
 920  
Summary and conclusion 921  
The finding from the present study demonstrated that  922  
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(1) Increased spacing may miss LAVA areas and also mistakenly identifying scar or normal tissue areas as having 923  
LAVAs. 924  
(2) Generally, both far- and near- field voltage may increase as the spacing increases. However, near-field increase 925  
may be less proportional. 926  
(3) Near-field/far-field voltage ratio increases as the spacing decreases due to the predominant reduction of far-field 927  
effect.  928  
(4) In pure scar areas, local voltages were additively increased as the spacing increases, however local voltages in 929  
the healthy tissue were more heterogenous. This may be because only far-field voltages are reflected in the pure scar 930  
area, while both far- and near-field voltages are mixed in the healthy area. 931  
We conclude that closer spacing is superior for identifying surviving tissue in the scar. Far-field voltage increases 932  
additively with spacing while near-field voltages are more sensitive to the tissue heterogeneity. Near-field EGMs are 933  
more easily identified with smaller spacing, particularly due to the reduction of far-field effect in scar. 934  
 935  
 936  
Manuscript is in publication; JACC Clin Electrophysiol. 2019 Jan;5(1):66-77. doi: 10.1016/j.jacep.2018.08.022. 937  
Epub 2018 Nov 1. 938  
 939  
Detailed Analysis of the Relation Between Bipolar Electrode Spacing and Far- and Near-Field Electrograms. 940  
Takigawa M, Relan J, Martin R, Kim S, Kitamura T, Cheniti G, Vlachos K, Pillois X, Frontera A, Massoullié G, 941  
Thompson N, Martin CA, Bourier F, Lam A, Wolf M, Duchateau J, Klotz N, Pambrun T, Denis A, Derval N, Magat 942  
J, Naulin J, Merle M, Collot F, Quesson B, Cochet H, Hocini M, Haïssaguerre M, Sacher F, Jaïs P.  943  
 944  
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4-2. Impact of bipolar orientation vs. activation direction on the local EGMs. 959  
Background and purpose of the study 960  
Statistically derived low-voltage threshold of <1.5 mV55, and dense scar threshold of<0.5mV have been widely used. 961  
And these low voltage areas are targeted for substrate ablation for VT. However, not only the electrode size and 962  
spacing61,67 but also the activation wavefront relative to the catheter orientation will influence the local voltage89. 963  
However, the influence on the local EGMs of the activation wavefront relative to the bipole pair has not been closely 964  
examined. In this study, we aimed to delineate the impact of the activation wavefront direction on the local EGMs in 965  
terms of both the voltage and LAVAs. 966  
Methods and results  967  
We used the same mapping system, catheter, and animal models. We examined 7 surviving post-infarct sheep. This 968  
time, we selected eighteen diagonally orthogonal electrode pairs in total across all splines and bipolar EGMs from 969  
each pair of opposing electrodes were compared (eg. A1-B3 [south-east (SE) direction] vs. A3-B1 [north-east (NE) 970  
direction] is a diagonally orthogonal bipolar pair, similarly A3-B5 vs. A5-B3…, and C5-D7 vs. C7-D5). By selecting 971  
these configurations, EGMs at particular locations were analyzed comparing the diagonally orthogonal bipolar pairs. 972  
Unipolar- and bipolar-EGMs were filtered from 2-100 Hz, and 30-300 Hz, respectively. 973  

 974  

Figure 4-2. MRI registration and 3D-anatomical mapping with HD-32 GridTM catheter 975  
MRI-image with MRI-defined scar and grey zone (border zone) was merged on the 3D mapping system. Voltage maps using only configuration of north-976  
east [NE] direction and only that of south-east [SE] direction created from the reference acquisition displayed the difference distribution of the low-977  
voltage area HD-32 GridTM catheter is composed of 32 of 1-mm ring electrodes, and any two electrodes can be selected to create bipolar EGMs. 18 978  
diagonally orthogonal electrode pairs across splines (ex. A1-B3 [SE direction, red two-way arrow] vs. A3-B1 [NE direction, blue two-way arrow], A3-979  
B5 vs. A5-B3.…, and C5-D7 vs. C7-D5) were selected to assess each particular site (yellow dot) (A). EGMs displayed with NE and SE direction on the 980  
4 sites ((a)-(d)) in the scar border are shown (B). 981  
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 982  
Results 983  
4084 EGMs (one in each direction) were analyzed for 2042 sites (544 infarcted area, 488 border area, and 1010 984  
normal area). The higher- and lower-voltages measured by each pair of opposing electrodes significantly differed 985  
(1.10mV[0.43mV-2.56mV] vs. 0.69mV[0.28mV-1.58mV], P<0.0001), and the median variation was 986  
0.28mV[0.11mV-0.80mV] (31.7%[16.0%-48.9%]). The median voltage variation was significantly larger in MRI-987  
defined border area (36.0% [17.8%-51.3%]) compared to the other area (30.8% [15.3%-48.2%]) (P<0.003). The 988  
voltage variation was maximized to 48.7%[37.7-61.6%] (P<0.0001) on sites where the activation front was 989  
perpendicular to the one bipolar direction and parallel to the other. 990  
LAVAs were detected in 592/2042 (29.0%) in total, frequently distributed in the border area. 177 (29.9%) of LAVAs 991  
were missed with one direction and 180 (30.4%) in the other. When the LAVAs detected by NE (n=415) are defined 992  
as the reference, 235/415 (56.6%) matched with the SE. 993  
 994  
Summary and conclusion 995  
In the present study, we examined the bipolar EGMs on the same location with diagonally orthogonal bipolar pairs 996  
and demonstrated the following findings.  997  
(1) Bipolar pair direction strongly impacts the assessment of local voltage, and the voltage variation between larger 998  
and smaller voltages was approximately 30%.  999  
(2) This variation was significantly larger in the MRI-defined border area, and maximized on the site where the 1000  
activation front faced orthogonally to the one bipolar pair and parallel to the other. 1001  
(3) Bipolar pair direction also impacts the detection of LAVA potentials, and LAVA distribution in one direction 1002  
misses at least 30% of LAVAs.  1003  
In the present study, we underscore the significance of activation direction to the bipolar pair regarding the assessment 1004  
of both the local voltages and the LAVAs, which may significantly influence the substrate mapping in VT ablation. 1005  
 1006  
 1007  
Manuscript is in publication; Heart Rhythm. 2018 Dec;15(12):1853-1861. doi: 10.1016/j.hrthm.2018.07.020. Epub 1008  
2018 Jul 17. 1009  
 1010  
Effect of bipolar electrode orientation on local electrogram properties. 1011  
Takigawa M, Relan J, Martin R, Kim S, Kitamura T, Frontera A, Cheniti G, Vlachos K, Massoullié G, Martin CA, 1012  
Thompson N, Wolf M, Bourier F, Lam A, Duchateau J, Klotz N, Pambrun T, Denis A, Derval N, Magat J, Naulin J, 1013  
Merle M, Collot F, Quesson B, Cochet H, Hocini M, Haïssaguerre M, Sacher F, Jaïs P.  1014  
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4-3. Impact of bipolar spacing and direction on the scar threshold 1026  
Background and purpose of the study 1027  
Following the prior 2 studies, we are interested in the effect of bipolar spacing and orientation on the optimal scar 1028  
threshold to detect the infarcted region. As we have mentioned above, each company has developed a company-1029  
specific multipolar mapping catheter. Although low-voltage threshold of <1.5 mV55, and dense scar threshold 1030  
of<0.5mV have been widely used for identifying a scar region in the left ventricle, the cut-off values, in fact, may be 1031  
different in each of them. In this study, we aim to elucidate the effect of an interelectrode spacing and bipolar 1032  
orientations on the scar threshold, using the same catheter, system, and animal model as previous two studies. In 1033  
particular, we explore the optimal threshold in two configurations of HD-grid catheters (Figure 1, HD-16 and HD-1034  
32), and examine the impact of electrode spacing and bipolar direction on the scar-threshold.  1035  
Methods  1036  
Again, using the HD-grid catheter, not only unipolar EGMs but also bipolar EGMs were acquired during sinus rhythm 1037  
from electrode pairs along to the catheter shaft (eg. A1-A2, A2-A3 etc for the HD-32-Grid, and A1-A3, A3-A5 etc 1038  
for the HD-16-Grid), across to the catheter shaft (A1-B1, B1-C1 etc for both HD-32-Grid and HD-16-Grid), and 1039  
diagonal directions (north-east [NE] and south-east [SE]; A1-B2, B1-A2 etc for the HD-32-Grid, and A1-B3, B1-A3 1040  
etc for the HD-16-Grid). Scar was defined by the MRI images integrated on the 3D-EAM, and the optimal cut-off 1041  
value of the local voltage and the predictive accuracy for scar identification was calculated based on the receiver 1042  
operating characteristic (ROC) analysis. Finally, these values calculated from different bipolar configurations were 1043  
compared each other. 1044  
 1045  

 1046  

Figure 4-3. Bipolar configuration and EGMs from the HD-32 Grid catheter 1047  
All electrodes were used for HD-32 Grid catheter (A). EGMs were collected from along (eg. A1-A2, A2-A3…D7-1048  
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D8), across (eg. A1-B1, B1-C1, C1-D1, A2-B2, B2-C2…C8-D8), north-east diagonal (eg. A2-B1, B2-C1, C2-1049  
D1…C8-D7), and south-east diagonal (eg. A1-B2, B1-C2, C1-D2…C7-D8) electrodes. Every other electrode on 1050  
each spline is skipped to produce a HD-16 configuration, which is simulating the Advisor™ HD Grid mapping 1051  
catheter (Abbott, Minneapolis, MN, USA) (B). EGMs are collected from along (eg. A1-A3, A3-A5…D7-D8), across 1052  
(eg. A1-B1, B1-C1, C1-D1, A3-B3, B3-C3…C7-D7), north-east diagonal (eg. A3-B1, B3-C1, C3-D1…C7-D5), and 1053  
south-east diagonal (eg. A1-B3, B1-C3, C1-D3…C5-D7) electrodes.    The MRI-image with MRI-defined scar is 1054  
merged on the 3D mapping system. From one acquisition, 4 EGMs are collected from both HD-32 (A) and HD-16 1055  
(B) configurations (B), allocated to MRI-defined scar and non-scar areas, and used for the analysis. Local voltages 1056  
automatically calculated from peak-to-peak voltages consist in the combination of far- (yellow arrows) and near-field 1057  
(red arrows) components. Note that far-filed components in HD-16 are larger than HD-32 (a,c,d). However, near-1058  
field components are not always the case; larger in HD-32 (a,d) but smaller in HD-16 (c). 1059  
 1060  
Results 1061  
From 456 total acquisition sites (mean 76+/-12 per case), 14750 points with the HD-16 and 32286 points with the 1062  
HD-32 configuration for bipolar EGMs were analyzed. For bipolar voltages, the optimal cut-off value to detect the 1063  
MRI-defined scar based on the Youden’s Index, and the area under the ROC curve (AUROC) differed depending on 1064  
the spacing and orientation of bipoles as shown in Table 4-3-1; across 0.84mV (AUROC:0.920, 95%CI:0.911-0.928), 1065  
along 0.76mV (AUROC:0.903, 95%CI:0.893-0.912), north-east direction (NE) 0.95mV (AUROC:0.923, 1066  
95%CI:0.913-0.932), and south-east direction (SE), 0.87mV (AUROC:0.906, 95%CI:0.895-0.917) in HD-16; and 1067  
across 0.83mV (AUROC:0.917, 95%CI:0.911-0.924), along 0.46mV (AUROC:0.890, 95%CI:0.883-0.897), NE 1068  
0.89mV (AUROC:0.923, 95%CI:0.917-0.929), and SE 0.83mV (AUROC:0.913, 95%CI:0.906-0.920) in HD-32. 1069  
Optimal cut-off values and AUROCs calculated from different bipolar configurations were compared in Table 4-3-1070  
2. Significant differences in AUROC were seen between HD-16 along vs. across (P=0.002), HD-16 NE vs. SE 1071  
(P=0.01), HD-32 NE vs. SE (P<0.0001), and HD-16 along vs. HD-32 along (P=0.006).  1072  
 1073  

  1074  
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Table 4-3-1. Optimal cut-off value based on all acquired points 1075  

 1076  

Table 4-3-2. Comparison of AUROC between bipolar configurations 1077  

Summary and conclusion 1078  
As shown in the results and tables, the 1079  
optimal cutoff value to discriminate scar 1080  
from healthy tissue is specific to bipolar 1081  
spacing and orientation, which may provide 1082  
a difference in accuarcy. 1083  
Interestingly, smallest bipolar spacing (1 1084  
mm) less effectively discriminate scar from 1085  
healthy tissue. This unexpected result may 1086  
be explained by the fact that local voltages 1087  
in the scar areas were more heterogeneous, 1088  
with both far-field and near-field voltages 1089  
measured from the electrodes with smaller 1090  

spacing. As previously demonstrated, far-field components increase more proportionally increase as the spacing 1091  
increases, while near-field components are more sensitive to the local tissue and exaggerated in smaller electrode 1092  
spacing. As a result, far- and near-field voltages may be more frequently overlapped in EGMs acquired from 1093  
smaller spacing, while, probably in bipoles with larger spacing, local voltages were more uniformly measured from 1094  
the larger far-field components in scar areas as described in a previous study.  1095  
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In conclusion, the threshold to discriminate scar (vs MRI) from healthy tissue should be specifically defined 1096  
according to the bipolar configuration, but relatively high accuracy is preserved in any bipolar configuration with 1097  
HD-grid when the specific cutoff is used for each bipolar configuration. 1098  
 1099  
Manuscript is in publication; Circ Arrhythm Electrophysiol. 2019 Sep;12(9):e007158. doi: 1100  
10.1161/CIRCEP.119.007158. Epub 2019 Aug 26. 1101  
 1102  
Impact of Spacing and Orientation on the Scar Threshold With a High-Density Grid Catheter. 1103  
Takigawa M, Relan J, Kitamura T, Martin CA, Kim S, Martin R, Cheniti G, Vlachos K, Massoullié G, Frontera A, 1104  
Thompson N, Wolf M, Bourier F, Lam A, Duchateau J, Pambrun T, Denis A, Derval N, Pillois X, Magat J, Naulin J, 1105  
Merle M, Collot F, Quesson B, Cochet H, Hocini M, Haïssaguerre M, Sacher F, Jaïs P.  1106  
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4-4. Impact of electrode size on the local EGMs. 1120  
Background and purpose of the study 1121  
We have demonstrated that local EGMs are strongly influenced by inter-electrode spacing and the angle between 1122  
bipolar orientation and activation direction. Additionally, the scar threshold and the identification of LAVAs are also 1123  
significantly affected by these settings.  1124  
In this study, we focus on the effect of electrode size on local EGMs and elucidate the best configuration to collect 1125  
near-field EGMs, reducing the far-field effect. 1126  
Methods 1127  
Six female sheep were used for this study. With a standard median sternotomy, the chest was opened and the heart 1128  
was epicardially mapped with dedicated catheters prepared for this study. Two parallel regions were created on the 1129  
left atrial appendage (LAA) and right ventricle (RV) by RF energy, and EGMs were collected from regions including 1130  
healthy tissues, fat tissues, and scars and gaps as shown in Figure 4-4-1, using dedicated catheters; three unipolar 1131  
catheters with different mini-electrode size (0.1mm, 0.2mm, and 0.5mm) with 3mm inter-electrode spacing were 1132  
used. Additionally, one bipolar platform with micro-spacing (0.1mm) inter-electrode spacing was used as references 1133  
(Figure 4-4-2). The effect of electrode size on unipolar and bipolar EGMs were assessed. The voltage ratio of non-1134  
fat to fat tissue (N/F-ratio) was calculated from the averaged voltages of non-fat tissue divided by each local voltage 1135  
on the fat area. Gap/scar voltage ratio (G/S-ratio) was calculated from the voltage on the gap divided by the scar 1136  
beside. N/F-ratio and G/S ratio was used as the index of a sensitivity to near-field EGMs. Larger N/F-ratio and G/S-1137  
ratio indicated a higher sensitivity to near-field EGMs and a reduced effect from far-field EGMs. G/S-ratio indicated 1138  
sensitivity for gap detection.  1139  

 1140  

Figure 4-4-1. EGM collection with direct catheter contact 1141  
 1142  
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 1143  
Figure 4-4-2. Dedicated catheters 1144  
 1145  
Results 1146  
Unipolar- and bipolar-EGMs were collected from 3 sheep. In each sheep, EGMs were taken from 24 sites (24 unipolar 1147  
EGMs and 12 bipolar EGMs) in each of the right atrium (RA), left atrium (LA), LAA, RV, RA with fat and RV with 1148  
fat. Additionally, EGMs were collected from 12 sites (12 unipolar EGMs and 6 bipolar EGMs) both at the gap and 1149  
on the scars created in the LAA and RV.   1150  
Electrode size vs. unipolar EGMs 1151  
Comparison between the three dedicated catheters and the PR, with the bipolar catheter with micro-spacing as a 1152  
reference, is shown in Table 4-4. Unipolar EGM voltage, as shown in the Table 4-4-1, increased from 6.34 [4.06-1153  
8.90]mV with a 0.1mm-electrode to 7.81 [5.63-10.50]mV with a 0.5mm-electrode in a healthy area, from 3.15 [1.77-1154  
4.88] with a 0.1mm-electrode to 4.92 [2.26-6.35]mV with a 0.5mm-electrode in an area of fat, and from 2.5 [1.00-1155  
4.3] with a 0.1mm-electrode to 3.59 [2.34-4.79]mv with a 0.5mm-electrode in a scar area. Unipolar EGM duration, 1156  
as shown in the Table 4-4-2, increased from 34 [30-40]ms with a 0.1mm-electrode to 49 [42-51]ms with a 0.5mm-1157  
electrode in a healthy area, from 49.5 [41.3-53]ms with a 0.1mm-electrode to 56 [51-63]ms with a 0.5mm-electrode 1158  
in an area of fat, and from 43 [40-48]ms with a 0.1mm-electrode to 51 [50-54]ms with a 0.5mm-electrode in a scar 1159  
area. Although both unipolar voltages and duration showed a tendency to increase in any tissue when the mini-1160  
electrode size was larger, a particularly large difference in voltage was identified between the 0.2mm-electrode and 1161  
the 0.1mm-electrode, and in duration between the 0.3mm-electrode and the 0.5mm-electrode. 1162  
 1163  
Electrode size vs. bipolar EGMs 1164  
Bipolar EGM voltage, as shown in the Table 4-4-3, increased from 3.60 [2.37-4.74]mV with a 0.1mm electrode to 1165  
4.24 [3.42-5.78]mV with a 0.5mm electrode in a healthy area, from 0.87 [0.35-1.23]mV with a 0.1mm electrode to 1166  
1.05[0.54-1.81]mV with a 0.5mm electrode in an area of fate, and from 0.54 [0.38-0.72]mV with a 0.1mm electrode 1167  
to 0.63[0.37-0.82]mv with a 0.5mm electrode in a scar area.  1168  
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Bipolar EGM duration, as shown in the Table 4-4-4, increased from 26 [23-33]ms with a 0.1mm electrode to 31 [25-1169  
37] ms with a  0.5mm electrode in a healthy area, from 35.5 [29-43.8]ms with a 0.1mm electrode to 46.5 [36-55]ms 1170  
with a 0.5mm electrode in an area of fat, and from 32 [28-36]ms with a 0.1mm electrode to 35 [32-41]ms with a 1171  
0.5mm electrode in a scar area. Although voltages and duration of bipolar EGMs also showed a similar tendency to 1172  
increase as the mini-electrode size became larger, this was not significant in the scar tissue (voltage: P=0.51, duration: 1173  
P=0.06). In other tissues, a particularly large difference was identified between the 0.2mm electrode and the 0.5mm 1174  
electrode both in voltage and duration. 1175  
Although N/F-ratio showed a tendency to decrease from 4.34 [2.52-6.82] with a 0.1mm-electrode to 3.79 [1.96-6.88] 1176  
with a 0.5mm-electrode, the difference did not reach significance (P=0.68). G/S-ratio was largest in the 0.1mm-1177  
electrode (Table 4-4-3). 1178  
Compared to these three catheters with different mini-electrodes, N/F ratio and G/S ratio was significantly larger in 1179  
the mini-electrode with very micro-spacing catheter (0.2mm-electrode and 0.1mm spacing) (P<0.0001). 1180  
 1181  

1182  
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 1185  

 1186  
Summary and conclusion 1187  
In the present study, we examine the impact of electrode size on EGMs, gap detection and far-field reduction and 1188  
demonstrate that: 1189  
1. Larger electrodes may increase the voltage and duration of unipolar EGMs. 1190  
2. Larger electrodes may also increase the voltage and duration of bipolar EGMs. 1191  
3. Although smaller electrode spacing may be better for gap detection and far-field reduction, smaller bipolar spacing 1192  
may provide more impact. 1193  
 1194  
We underscore the significance of electrode size on EGMs even with a mini-electrodes. Even with a same spacing, 1195  
center to center spacing may be different depending on the electrode size, which may affect the characterization of 1196  
EGMs. This concept should be considered in voltage mapping.  1197  
 1198  
Manuscript is in submission 1199  
 1200  
  1201  
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5. Precise analysis of the circuit and mechanism of post-AF ATs mapped with 1202  
novel high-resolution/high-density mapping system 1203  

 1204  
So far, the ‘RhythmiaTM’ mapping system with Orion basket catheter has provided a highest resolution/density map 1205  
available in the market. Previously, the mechanism of post-AF AT analyzed without mapping system or with 1206  
conventional low resolution/density mapping system was reported27–29. Those reports demonstrate that in post-AF 1207  
ATs, MATs such as peritricuspid flutter (PTF), perimitral flutter (PMF), roof-dependent macroreentrant (RMAT) AT 1208  
are commonest followed by microreentry and focal ATs. However, in these reports, the entire AT circuit is not always 1209  
described in detail because of the low resolution of the mapping system or the absence of using 3D-EAM system. 1210  
We hypothesized that analysis of post-AF ATs with higher resolution/density mapping system may demonstrate this 1211  
circuit and clearly explain the mechanism of these ATs, leading to the identification of the critical and practical 1212  
isthmus to treat the AT. 1213  
In this chapter, we analyzed a variety of post-AF ATs, using the ‘RhythmiTM’ mapping system, and demonstrate the 1214  
entire circuit and mechanism of ATs as well as showing the impact of using this system in terminating the AT. 1215  
 1216  
 1217  

 1218  

Figure 5. RhythmiaTM high-reolution/high-density mapping system and Orion multipolar catheter 1219  
 1220  
  1221  
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5-1. Re-visiting anatomical macroreentrant tachycardia after atrial fibrillation ablation using 1222  
ultra-high-resolution mapping: implications for ablation. 1223  
 1224  
Background and purpose of the study 1225  
First, we focused the simplest type of post-AF AT, which is anatomical MAT (AMAT) including PTF, PMF and 1226  
RMAT. We examined the complexity of the real AT circuits compared to those simply demonstrated in the past 1227  
literature. Conventionally, when the diagnosis of AMATs was acquired, anatomical isthmuses were usually ablated 1228  
(mitral isthmus (MI) at the lateral LA in PMF, LA roof in RMAT, and CTI in PTF). However, with the high 1229  
resolution/high density mapping the practical isthmus may be different from those regions. We also compare the 1230  
difference between the anatomical and practical isthmuses. The practical isthmus was anticipated to be the easiest 1231  
and most appropriate site for ablation in the circuit, based on anatomical length, catheter stability, tissue thickness, 1232  
nearby vulnerable structures, and preservation of atrial physiology, which was usually the narrowest bridge of 1233  
conducting tissue between scars or anatomical obstacles. We hypothesized that the practical isthmus might be at a 1234  
completely different location from the anatomical isthmus or a gap around the anatomical isthmus.  1235  

 1236  

Figure 5-1. Practical isthmus and anatomical isthmus 1237  
(A) Type C perimitral flutter circuit detouring the lateral to anterior scars around the mitral annulus. Practical isthmus was not on the 1238  
anatomical isthmus (mitral isthmus), but the narrower isthmus between the previous ablation scars; (B) Type B roof-dependent 1239  
tachycardia circuit coexisted with localized reentrant circuit associated with the right PV. Practical isthmus was not on the anatomical 1240  
isthmus (roof), but the narrower isthmus between the previous ablation scar and septal mitral annulus. 1241  
 1242  
Methods and Results 1243  
In this study, we prospectively included 96 consecutive post-AF ablation AT patients undergoing ablation procedures 1244  
guided by high-density mapping (RhythmiaTM) in our center between November 2014 and April 2016. Of these 1245  
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patients, 57 patients who had at least one anatomical MAT with a complete activation map during the procedure were 1246  
analyzed. In this cohort, we identified 75 anatomical MATs including 24 multiple-loop ATs which showed>2 active 1247  
AT circuits. Totally, 88 anatomical MAT circuits including 16 peri-tricuspid circuits, 42 peri-mitral circuits, and 30 1248  
roof-dependent circuits were analyzed.  1249  
Although half of peri-tricuspid ATs had some parts of the circuit distant to the TA, the anatomical isthmus (CTI) 1250  
corresponded to the practical isthmus. High-density mapping showed the gap in the low voltage area in the CTI as a 1251  
practical isthmus which was significantly shorter than the anatomical CTI (14.6±4.9 mm vs. 23.2±5.0 mm, P=0.0001). 1252  
AT was successfully terminated in all patients on the gap. 1253  
Approximately 60% of peri-mitral ATs had a critical path of the circuit distant to the mitral annulus, and associated 1254  
with low voltage areas around the annulus. Importantly, the practical isthmus was not in the anatomical isthmus 1255  
(mitral isthmus on the lateral LA) in half of them. The practical isthmus was significantly shorter than the anatomical 1256  
MI (16.1±8.1mm vs. 28.7±7.0mm, P<0.0001).  1257  
Approximately 75% of roof-dependent ATs had circuits not rotating around both PV-pairs. Again, the practical 1258  
isthmus was not at the anatomical isthmus (LA roof) in 35% of them. The practical isthmus identified by high-density 1259  
mapping was significantly shorter than the anatomical isthmus (16.0±8.9mm vs 42.9±8.4mm, P<0.0001). 1260  
Conclusions 1261  
In conclusion, we found that the high-resolution/high density mapping successfully clarified the precise circuits of 1262  
AMATs following AF ablation. Although the anatomical isthmus remained a suitable target in PTF, in the one-third 1263  
of PMF and RMAT, shorter and more vulnerable isthmuses were identified and subjected to a tailored ablation and 1264  
possibly easier ablation.  1265  
 1266  
 1267  
Manuscript is in publication; Heart Rhythm. 2017 Nov 22. pii: S1547-5271(17)31243-2. doi: 1268  
10.1016/j.hrthm.2017.10.029. [Epub ahead of print] 1269  
 1270  
Revisiting anatomic macroreentrant tachycardia after atrial fibrillation ablation using ultrahigh-resolution 1271  
mapping: Implications for ablation. 1272  
Takigawa M, Derval N, Frontera A, Martin R, Yamashita S, Cheniti G, Vlachos K, Thompson N, Kitamura T, Wolf 1273  
M, Massoullie G, Martin C, Al-Jefairi N, Amraoui S, Duchateau J, Klotz N, Pambrun T, Denis A, Sacher F, Cochet 1274  
H, Meleze H, Haissaguierre M, Jais P.  1275  
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5-2. A comprehensive multi-center study of the common isthmus in post AF ablation multiple-1288  
loop atrial tachycardia 1289  
 1290  
Background and purpose 1291  
Dual-loop reentrant AT has been reported infrequently90,91. Because of the lower resolution of the conventional 1292  
mapping system, multiple-loop ATs may be underestimated. We hypothesized the prevalence would be much more 1293  
higher in reality, and improvements in mapping systems and catheters allowed mapping with sufficient resolution to 1294  
demonstrate the precise activation sequence of these complex ATs, which was not always possible with previously 1295  
available mapping systems and catheters. In this chapter, we classify the type of multiple-loop ATs and compare the 1296  
characteristics of common isthmus and ablation results. 1297  
Methods and results 1298  
In this study, we analyzed 193 consecutive patients with post-AF ablation in 4 centers between 2015 and 2016: 1299  
Hôpital Cardiologique Haut Lévêque, Lyric institute, Université de Bordeaux; Hôpital Rangueil, Centre Hospitalier 1300  
Universitaire de Toulouse; Jikei university school of medicine hospital, Tokyo, Japan; and Tsuchiura kyodo hospital, 1301  
Ibaragi, Japan. Circuits and common isthmuses diagnosed by the high-resolution/high-density mapping system were 1302  
analyzed in details as shown in the Table 5-2-1. 1303  
Definition 1304  
As previously reported, AMATs included PTF, PMF, and RMAT. Other reentrant ATs were all defined as non-AMAT 1305  
in this study. Multiple-loop ATs were defined as those composed of more than 1 independent active circuits sharing 1306  
one common isthmus including dual-loop ATs and triple-loop AT (Figure 5-2). In this study, dual-loop ATs were 1307  
classified into 3 types: Type M, a combination of two AMAT; Type MN, a combination of one AMAT and one non-1308  

AMAT; and Type N, a combination of two non-1309  
AMAT. 1310  
Figure 5-2. Classification of Multiple-loop AT 1311  
Results and Summary 1312  
41 (21.2%) patients had 42 dual-loop ATs and 2 1313  
triple-loop ATs. Based on our classification of dual-1314  
loop ATs, shown in the Figure; 19 (43.2%) were 1315  
Type M, 12 (27.9%) were Type MN and 11 (25.0%) 1316  
were Type N. Two (4.5%) triple-loop AT 1317  
demonstrated a combination of perimitral-AT, roof-1318  
dependent AT, and one non-anatomical AT. Thirty-1319  
three of 44 (75.0%) included at least one AMAT in 1320  
the circuit, and 25/44 (56.8%) included at least one 1321  
non-AMAT. Of the non-AMATs, 16/25 (64.0%) 1322  
included at least one PV and 13/25 (52.0%) 1323  
included a PV carina inside the circuit.  1324  

 1325  
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Table 5-2-1. Characteristics of multiple-loop AT  1326  
The length of the common isthmus was 3.6+/-1.4cm in 1327  
Type M, 1.6+/-0.7cm in Type MN, and 1.1+/-0.7cm in 1328  
Type N (P<0.0001). The area of the common isthmus 1329  
was 12.92+/-7.68, 2.46+/-1.53, and 0.90+/-0.81cm2, in 1330  
Type M, MN, and N (P<0.0001). The narrowest width of 1331  
the common isthmus was 1.8+/-0.7cm, 1.1+/-0.3cm, and 1332  
0.7+/-0.3cm, in Type M, MN, and N (P<0.0001), 1333  
respectively. The electrograms in the common isthmus 1334  
showed longer duration and lower voltage in Type N, 1335  
Type MN, and Type M (duration: 106+/-25ms, 87+/-1336  
27ms, and 69+/-27ms (P=0.006), and voltage: 0.06+/-1337  
0.02mV, 0.22+/-0.21mV, and 0.57+/-0.50mV 1338  
(P<0.0001)) respectively. In total, the common isthmus 1339  
was identified in approximately 90% of AT without any 1340  
manual annotation, and this site was systematically 1341  
targeted for the ablation site in Type N as shown in the 1342  

Table 5-2-2. On contrary, the common isthmus was not targeted for ablation in 30-40% Type M and Type MN 1343  
(11/11(100%) in type N vs, 20/31(64.5%) in the other, P=0.03). The duration until the AT termination tended to be 1344  
shorter in Type N compared to the others (median 1.3 min vs. 2,1 min, P=0.06).   1345  
 1346  
Table 5-2-2. Ablation details  1347  

Although ATs were not induced at the end of the procedure, 1 year follow-up demonstrated a relatively better outcome 1348  
in Type N (P=0.02). In the re-do procedure, most cases showed mitral-isthmus related AT; out of 13 patients, mitral-1349  
isthmus was required to be ablated in 11 (84.6%) patients. 1350  
 1351  
Summary and conclusion 1352  
This multicenter study provides detailed and precise description of the entire circuit and the common isthmus of 1353  
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multiple-loop AT associated with post-AF ablation using the ultra-high density mapping system. We demonstrated 1354  
that ;(1) Multiple-loop ATs were identified in approximately 20% in post-AF ablation AT. (2) One circuit of multiple-1355  
loop reentrant atrial tachycardias was anatomical maroreentry in three-fourths of patients (using mitral isthmus and 1356  
roof in more than half), while the remainder combined anatomical MAT and non-anatomical reentrant AT. (3) Half 1357  
of multiple-loop ATs included non-anatomical reentrant circuit, 65% of them being associated with pulmonary veins 1358  
(especially with the pulmonary vein carina). (4) The common isthmus was of smaller dimensions, with lower 1359  
amplitude electrograms, when the arrhythmia combined two non-anatomical MATs. (5) Activation mapping with the 1360  
Rhythmia system identified the correct circuit without manual annotation in approximately 90%. (6) The outcome 1361  
was significantly better in Type N, and re-do procedures demonstrated that mitral isthmus was highly associated with 1362  
recurrences. 1363  
 1364  
In conclusion, multiple-loop ATs are identified in 20% in post-AF ablation AT. These ATs frequently include 1365  
anatomical MAT and PV (carina) -related AT as a circuit. Depending on the type of multiple-loop ATs, there is 1366  
specific characteristics in the anatomical and electrophysiological common isthmuses. Although the ablation at the 1367  
common isthmus was frequently successful, the long-term outcome was clearly worse when mitral isthmus was 1368  
involved. 1369  
 1370  
 1371  
Manuscript is in publication; Circ Arrhythm Electrophysiol. 2018 Jun;11(6):e006019. doi: 1372  
10.1161/CIRCEP.117.006019. Erratum in: Circ Arrhythm Electrophysiol. 2018 Aug;11(8):e000032. Haiïssaguerre, 1373  
Michel [corrected to Haïssaguerre, Michel]; Jaiïs, Pierre [corrected to Jaïs, Pierre]. 1374  
 1375  
Comprehensive Multicenter Study of the Common Isthmus in Post-Atrial Fibrillation Ablation Multiple-Loop 1376  
Atrial Tachycardia. 1377  
Takigawa M, Derval N, Maury P, Martin R, Denis A, Miyazaki S, Yamashita S, Frontera A, Vlachos K, Kitamura T, 1378  
Cheniti G, Massoullieé G, Thompson N, Martin CA, Wolf M, Pillois X, Duchateau J, Klotz N, Duparc A, Rollin A, 1379  
Pambrun T, Sacher F, Cochet H, Hocini M, Haiïssaguerre M, Jaiïs P.  1380  
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5-3. Pulmonary vein-gap reentrant atrial tachycardia following atrial fibrillation ablation: an 1396  
electrophysiological insight with high-resolution mapping 1397  
 1398  
Background and purpose of the study 1399  
PV-gap reentry is also sometimes seen after PV isolation, which is a type of reentrant AT involving the entrance and 1400  
exit gaps on the previous PV isolation lines92,93. Although previous reports demonstrated PV-gap reentrant AT (PV-1401  
gap RAT) using a conventional 3D-EAM system, the mapping resolution and density were limited; thus, the detailed 1402  
re-entrant circuit and electrophysiological characteristics of PV-gap RAT were not thoroughly investigated. In this 1403  
study, we, therefore, assessed and clarified the detailed circuit and electrophysiological features of PV-gap RAT using 1404  
the RhythmiaTM mapping system. 1405  
Methods and Results 1406  
In this study, we focused on PV-gap reentrant ATs and clarified the detailed circuit and electrophysiological features 1407  
of them using the high resolution/density mapping system. This study was conducted as a multicenter study (6 1408  
institutions). Among a total of 378 ATs in 281 patients, which were mapped using the RhythmiaTM system, 27 (7.1%) 1409  
ATs in 26 (9.3%) patients that were diagnosed as PV-gap RATs. Pulmonary vein-gap RAT occurred during the first 1410  
procedure in four patients, and after AF ablation in the remaining 22 patients. In 22 patients with prior ablation, PV 1411  
isolation (segmental, n = 15; circumferential, n=7) had been successfully performed in all patients, and extended 1412  
substrate ablations had been added in 15 patients [linear ablation, n=8; complex fractionated atrial electrogram 1413  
(CFAE) ablation, n= 2, both linear and CFAE ablation, n=5]. 1414  
The circuit of PV-gap RAT was classified into three types as shown in the Figure 5-3: Type A, a small circuit around 1415  
the unilateral PV (two gaps in one PV); Type B, a large circuit around the ipsilateral PV (two gaps in two PVs); and 1416  
Type C, a huge circuit around the contralateral PV, which were based on the previous ablation lesions.  1417  

Figure 5-3. A schematic diagram of a PV-gap RAT circuit 1418  
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Despite MATs, PV-gap RAT demonstrated a distinctive isoelectric interval in all leads, which is based on the fact that 1419  
approximately 50% of the tachycardia cycle length time was spent within the PVs due to the presence of a double 1420  
slow conduction zone (entrance and exit of the PV gaps). RhythmiaTM mapping demonstrated two distinctive entrance 1421  
and exit gaps of 7.6 ± 2.5 and 7.9 ± 4.1mm in width, respectively, the local signals of which showed slow conduction 1422  
(0.14 ± 0.18 and 0.11 ± 0.10m/s) with fragmentation (duration 86 ± 27 and 78 ± 23 ms) and low-voltage (0.17 ± 0.13 1423  
and 0.17 ± 0.21 mV). Twenty-two ATs were terminated (mechanicalbump in one) and five were changed by the first 1424  
radiofrequency (RF) application at the entrance or exit gap in 10 seconds ablating on the entrance or the exit of those 1425  
gaps displayed by the RhythmiaTM. Compared to previous reports, the incidence of PV-related reentrant ATs in the 1426  
present study is relatively higher. One main reason of this may be explained by a misdiagnosis between PV-RATs 1427  
and PV focal ATs due to the low resolution/low density mapping used in the previous report. 1428  
Summary and conclusion 1429  
From the analysis from PV-gap RATs after AF ablation using a high-resolution mapping system, e have demonstrated 1430  
that: (1) PV-gap RAT may be developed in approximately 10% of post-AF ablation ATs irrespective of a strategy of 1431  
initial PV isolation (segmental or circumferential, or electrical or anatomical approaches) (2)The PV-gap RAT 1432  
occurred through the two gaps on the previous PV isolation line in unilateral PVs as well as contralateral PVs. (3) 1433  
Approximately 50% of the TCL time was spent inside the PVs with distinctive electrical features, including a critical 1434  
isthmus showing slow conduction with fragmented and low-voltage signals. (4)High-resolution mapping guide 1435  
ablation targeting the entrance or exit gap could effectively terminate AT. 1436  
In conclusion, the novel ultra-high-resolution mapping system, ‘RhythmiaTM’, revealed the PV-gap RAT circuit in 1437  
detail, and showed two gaps (entrance and exit) with distinctive electrophysiological features. The PV-gap RAT 1438  
circuits were variable, and included macro- and localized re-entry that was associated with the previous ablation 1439  
lesions. These could be simply and curatively treated with CA targeting the entrance or exit PV-gap with a guidance 1440  
of this high-resolution mapping system 1441  
 1442  
 1443  
Manuscript is in publication; Europace. 2019 Jul 1;21(7):1039-1047. doi: 10.1093/europace/euz034. 1444  
 1445  
Pulmonary vein-gap re-entrant atrial tachycardia following atrial fibrillation ablation: an 1446  
electrophysiological insight with high-resolution mapping. 1447  
Yamashita S, Takigawa M, Denis A, Derval N, Sakamoto Y, Masuda M, Nakamura K, Miwa Y, Tokutake K, 1448  
Yokoyama K, Tokuda M, Matsuo S, Naito S, Soejima K, Yoshimura M, Haïssaguerre M, Jaïs P, Yamane T.  1449  
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5-4. Characteristics of Single-Loop Macroreentrant Biatrial Tachycardia Diagnosed by 1461  
Ultrahigh- Resolution Mapping System 1462  
 1463  
Background and purpose of the study 1464  
In this study, we would like to focus on the characteristics of a rare type of complex ATs, ‘single-loop macroreentrant 1465  
biatrial tachycardia’ diagnosed with the RhythmiaTM. Biatrial tachycardia (BiAT) is a rare form of AT using 2 1466  
interatrial bridges and 2 atrias, which is reported to be observed in patients with a history of open heart surgery94,95, 1467  
corrected congenital heart disease96, or atrial fibrillation (AF) ablation97. We tried to systematically assess the circuit 1468  
and mechanism of these ATs. 1469  
Methods and results 1470  
We identified 8 (2.4%) patients with 9 (2.1%) BiATs in a cohort of 336 consecutive patients with 422 mapped ATs 1471  
from 2 institutions who had undergone AT CA using the RhythmiaTMn mapping system as described in the Figure 5-1472  
4 and Table 5-4. Seven of the 8 patients had a history of persistent AF ablation, including septal or anterior left 1473  
atrium ablation before developing BiAT. One of the 8 patients had a history of an atrial septal patch closure with a 1474  
massively enlarged right atrium.  1475  
We observed 3 types of BiAT as shown in the Figure 5-4: (1) BiAT with a perimitral and peritricuspid reentrant 1476  
circuit (n=3), (2) BiAT using the right atrium septum and a perimitral circuit (n=3), and (3) BiAT using only the left 1477  
atrium and right atrium septum (n=3). 1478  

Figure 5-4. Simplified schema of 3 types of 1479  
biatrial AT 1480  
Type 1 BiAT was defined as an AT with a reentrant 1481  
circuit using most of mitral annulus in the LA circuit 1482  
(including the coronary sinus (CS) but excluding the LA 1483  
septum) and most of the tricuspid annulus in the RA 1484  
circuit (excluding the RA septum) with 2 interatrial 1485  
connections. Type 2 BiAT was defined as an AT with a 1486  
reentrant circuit using most of mitral annulus in the LA 1487  
circuit (including the CS but not the LA septum) and the 1488  
RA septum with 2 interatrial connections. Type 3 BiAT 1489  
was defined as an AT with a reentrant circuit using LA 1490  
septum and RA septum with 2 interatrial connections.  1491  
 1492  

 1493  
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1494  

Table 5-4. Background Information of Each Biatrial Tachycardia 1495  
 1496  
CA successfully terminated 8 of the 9 BiATs (the remaining 1 AT mechanically terminated on the circuit). Complete 1497  
understanding of the AT circuit allowed identification of the appropriate target in most patients. In circuits dependent 1498  
on an AV valve annulus, that is, types 1 and 2, the preferred target is a classic anatomic isthmus (CTI or MI line). In 1499  
type 3, septal lesions can be more challenging because of the risk of AV block possibly resulting from direct AV node 1500  
ablation. Thus, a minimal line or point ablation may be safer. For all types, when delivering RF energy for septal or 1501  
interatrial connections, it should be realized that this may lead to more extensive intra-atrial conduction delay or AV 1502  
block (possibly because of the direct effect on the compact AV node). 1503  
Summary and conclusion 1504  
We demonstrated that: (1)Although BiAT infrequently occurs in 2% of AT patients, this AT should be considered in 1505  
the patients with BiAT having an electric obstacle located in the septum, with understanding of the circuits. (2)By 1506  
using the high-resolution mapping system, 3 types of BiATs are identified depending on the characteristics of the 1507  
circuit. 1508  
In conclusion, all patients who developed BiAT had an electric obstacle on the septum, most commonly with prior 1509  
anteroseptal LA ablation. In patients with this type of previous ablation, mapping of both atria should be considered 1510  
during mapping of MAT. Because 3 types of single-loop BiATs were observed, ablation strategies should be adjusted 1511  
to the type of BiAT circuit. 1512  
 1513  
 1514  
Manuscript is in publication; Circ Arrhythm Electrophysiol. 2018 Feb;11(2):e005558. doi: 1515  
10.1161/CIRCEP.117.005558. 1516  



   124  

 1517  
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5-5. The role of Marshall bundle epicardial connections in atrial tachycardias after atrial 1536  
fibrillation ablation 1537  
 1538  
Background and purpose of the study 1539  
The Marshall bundle (MB) has been reported to have variable connections to the adjacent myocardium98. Patients 1540  
who have more than 2 connections between the MB and the myocardium of the CS, LA or PVs have the anatomical 1541  
substrate to generate localized reentry circuits or MATs around the MI, using the epicardial MB99,100. Macroreentry 1542  
using the MB has recently been reported in case series101, but localized reentry circuits using the MB post AF 1543  
ablation have not been evaluated. We have focused on the MB-dependent ATs presenting after AF ablation, using 1544  
the high-resolution mapping system, RhythmiaTM’, to elucidate the mechanism of these ATs. 1545  
Methods and Results 1546  
A total of 199 ATs as shown in the Figure 5-5 were mapped in 140 patients (112 male, mean age: 61.8 years); 133 1547  
(66.8%) were macroreentrant and 66 (33.2%) were scar-related reentry circuits. The MB network participated in 60 1548  
(30.2%) reentrant ATs: 31 perimitral ATs (PMATs) and 29 localized reentry circuits. Of 60 MB-related ATs, 49 1549  
(81.6%) terminated with RF ablation: 44 (73.3%) at the MB-LA junction and 5 (8.3%) at the MB-CS junction, 1550  
while 9 (15%) terminated after 2.5–5 cc of ethanol infusion inside the vein of Marshall (VOM). Of the 31 PMATs, 1551  
17 (54.8%) terminated at the MB-LA junction, 5 (16.1%) at the MB-CS junction, and 7 (22.6%) with ethanol 1552  
infusion. Of the 29 localized reentry circuits using the MB, 27 (93.1%) terminated at the MB-LA junction, none at 1553  
the MB-CS junction, and 2 (6.9%) after ethanol infusion. Recurrences were mostly observed after RF ablation (18 1554  
of 37 patients, 49%) compared to ethanol infusion (1 of 9 patients, 11%) (P=0.06). 1555  
 1556  

Figure 5-5. Classification and termination sites of Marshall Bundle related ATs after AF ablation 1557  
 1558  
Summary and conclusion 1559  
The main findings of our study are as follows:  1560  
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(1) The MB is involved in a higher proportion of post-AF ablation ATs than previously reported. 1561  
(2) Of MB-related ATs, 51.7% were MATs and 48.3% were localized reentry ATs. 1562  
(3) MB-related ATs can be successfully terminated with RF ablation, either endocardially via MB-LA connection 1563  
or epicardially via MB-CS connections (at the ostium of the VOM), and with ethanol infusion inside the VOM 1564  
under the guidance of high-resolution mapping system. 1565  
In conclusion, we have demonstrated that MB reentrant ATs accounted for up to 30.2% of the left ATs after AF 1566  
ablation. Ablation of the MB-LA or CS-MB connections guided by the high-resolution mapping system or ethanol 1567  
infusion inside the VOM can successfully terminate these ATs. 1568  
 1569  
 1570  
Manuscript is in publication ; Heart Rhythm. 2019 Sep;16(9):1341-1347. doi: 10.1016/j.hrthm.2019.05.019. 1571  
Epub 2019 May 22. 1572  
 1573  
The role of Marshall bundle epicardial connections in atrial tachycardias after atrial fibrillation ablation. 1574  
Vlachos K, Denis A, Takigawa M, Kitamura T, Martin CA, Frontera A, Martin R, Bazoukis G, Bourier F, Cheniti 1575  
G, Duchateau J, Thompson N, Massoullie G, Lam A, Wolf M, Escande W, Klotz N, Pambrun T, Sacher F, Hocini 1576  
M, Haissaguerre M, Jais P, Derval N.   1577  
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5-6. Mechanism of recurrence of AF ablation related atrial tachycardia: Comparison between 1586  
index vs. redo procedures in high-resolution mapping system. 1587  
 1588  
Background and purpose of the study 1589  
Despite superior accuracy and understanding of mechanisms using high-resolution mapping as described above, we 1590  
still experience recurrence of ATs. In this study, we tried to understand the mechanism of these recurrences. It is of 1591  
major importance to understand whether these ATs are true failures due to reconduction across previous ablation, or 1592  
new ones due to progression of atrial remodeling. The purpose of this study was to compare the mechanism of the 1593  
ATs between the index and the redo procedure in AF ablation related AT (AFA-rAT) patients.  1594  

1595  

Methods and results 1596  
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The mechanism of ATs diagnosed by the ‘RhytmiaTM’ high-resolution mapping system was compared between the 1597  
first ablation and the redo procedure in 37 patients described in Figure 5-6-1.  1598  
We classified ATs according to the activation pattern: focal AT, AMAT, and Non-AMAT (localized reentry). AMATs 1599  
included PTF, PMF, and RMAT. Others were all defined as Non-AMAT.  1600  
The comparison between the index AFA-rATs and redo AFA-rATs is described in Table 5-6. Occurrence of PMF in 1601  
the index procedure predicted the same AT circuit in the redo procedure with 78.9% sensitivity, 38.9% specificity, 1602  
57.7% positive predictive value (PPV) and 63.6% negative predictive value (NPV). 1603  
RMAT in the index procedure predicted the same AT in the redo procedure with 80.0% sensitivity, 63.0% specificity, 1604  
44.4% PPV and 89.5% NPV. PTF in the index procedure predicted the same AT with 0% sensitivity, 72.2% specificity, 1605  
0% PPV and 96.3% NPV.  1606  
Non-AMAT in the index procedure predicted the Non-AMAT (but not the same Non-AMAT) with 41.7% sensitivity, 1607  
64.0% specificity, 35.7% PPV and 69.6% NPV, although the most circuits were different between the index and the 1608  
redo procedure. Absence of focal ATs at the index procedure predicted the absence of focal ATs at the second 1609  
procedure with a NPV of 97.1%. 1610  
 1611  
Table 5-6. Relation between the index and the redo procedure 1612  

Incidence of ATs using epicardial structures was described in the Figure 5-6-2. ATs using epicardial structures were 1613  
observed in 18/37 (48.6%) patients. Epicardial structure related ATs were identified in 15/19 (79.0%) PMF, 3/10 1614  
(30.0%) RMAT, and 4/12 (33.3%) Non-AMATs. In most cases, the structure used for the epicardial circuit was the 1615  
CS/VOM system (n=16).  1616  

Relation between the index and the redo procedure in patients with PMF 

�  PMF (+) in the redo procesure (N=19) PMF (-) in the redo procesure (N=18) 

PMF (+) in the index procedure (N=26) 15 11 

PMF (-) in the index procedure (N=11) 4 7 

Relation between the index and the redo procedure in patients with RMAT 

�  RMAT (+) in the redo procedure (N=10) RMAT (-) in the index procedure (N=27) 

RMAT (+) in the index procedure (N=18) 8 10 

RMAT (-) in the index procedure (N=19) 2 17 

Relation between the index and the redo procedure in patients with PTF 

�  PTF (+) in the redo procedure  (N=1) PTF (-) in the redo procedure (N=36) 

PTF (+) in the index procedure (N=10) 0 10 

PTF (-) in the index procedure (N=27) 1 26 

Relation between the index and the redo procedure in patients with Non-AMAT 

�  Non-AMAT (+) in the redo procedure (N=12) Non-AMAT (-) in the redo procedure (N=25) 

Non-AMAT in the index procedure (+) (N=14) 5 9 

Non-AMAT (-) in the index procedure (N=23) 7 16 

Relation between the index and the redo procedure in patients with focal AT 

�  Focal AT (+) in the redo procedure (N=1) Focal AT (-) in the redo procedure (N=36) 

Focal AT (+) in the index procedure (N=3) 0 3 

Focal AT (-) in the index procedure (N=34) 1 33 
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 1617  

Figure 5-6-2. Incidence of the epicardial structure related AT at the redo (second) procedure 1618  
 1619  
Summary and conclusion 1620  
We have demonstrated that: (1) PMF is the most common type of recurrence of the AFA-rAT. Redo AFA-rAT ablation 1621  
procedures demonstrated a true failure rate of 57.7%, followed by RMAT, with a true failure at 44.4%. (2) Epicardial 1622  
structures were included in the circuit in 78.9% of PMF, 30.0% of RMATs, and 33.3% of Non-AMATs. The very 1623  
high true failure rate in PMF may be explained by the highest involvement of epicardial structures. (3) Non-AMATs 1624  
(localized ATs) are frequent, both in the index and redo AT procedures, but the circuit is usually different. (4) 1625  
Information of ATs in the index procedure is useful to guide the redo procedure of AFA-rAT. 1626  
 1627  
In conclusion, PMF should be frequently considered in the mechanism of recurrence after ablation of AFA-rAT, 1628  
regardless of the prior procedures. When RMAT, CTI-dependent AT or focal AT was not identified in the index AT 1629  
procedure, these ATs were highly unlikely to be present in the redo AT procedure. Although Non-AMAT may be 1630  
possible in the redo procedure when it is identified in the index session, the circuit may be different. Approximately 1631  
60% of patients developed recurrent ATs related to epicardial structures, and the incidence is especially high in PMF. 1632  
CS and VOM, is important structure which can bypass endocardial activation. 1633  
 1634  
 1635  
Manuscript is in final revision in Circulation arrhythmia and electrophysiology 1636  
 1637  
Mechanism of recurrence of AT: Comparison between first vs. redo procedures in high-resolution mapping 1638  
system.  1639  
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5-7. A simple mechanism underlying the behavior of reentrant atrial tachycardia during 1694  
ablation 1695  
 1696  
Background and purpose of the study 1697  
In treating complex ATs, sometimes the AT terminates or changes to another AT contrary to our expectations. We 1698  
hypothesize that, in the case of an index AT directly changing to another AT with a slower cycle length, there may be 1699  
some rules that AT changes rather than de-novo initiation of the second AT. As the ‘RhythmiaTM’ provides extremely 1700  
high-resolution/high-density maps, it allows us to understand a precise circuit of the tachycardia. Using this system, 1701  
we aimed to examine the mechanism of termination or conversion from one AT to a second AT, and to create an 1702  
algorithm to predict behaviors of AT on RF application. 1703  
Methods and results 1704  
From the analysis of a retrospective 101 consecutive reentrant ATs in 60 patients treated with the RhythmiaTM 1705  
mapping system, we elucidated the relationship between the index AT circuit, ablation site, behavior of the AT during 1706  
RF application, and subsequent AT circuit, then a simple algorism was created as shown in Figure 5-7. We 1707  
prospectively applied this algorithm to 172 consecutive ATs, and demonstrated the accuracy of the algorithm.  1708  
 1709  

 1710  

Figure 5-7. Algorithm to predict the behavior of AT during ablation 1711  
 1712  
Accuracy to predict AT termination/conversion and the second AT circuit was 95.9% overall, 96.1% in AMATs, 1713  
95.5% in non-AMATs and 95.7% in multiple-loop ATs. Prediction failure occurred in 8 ATs; either the second AT 1714  
used an unmapped chamber or structure in the index map (n=7) or a line of block was misinterpreted as very slow 1715  
conduction in the index map (n=1).  1716  
Summary and conclusion 1717  
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We describe a simple mechanism underlying the behavior of AT during ablation, and an algorithm that predicts the 1718  
termination and conversion of ATs on RF application. The path of subsequent AT circuits may be predicted, which 1719  
may enable ablation without remapping the entire chamber in combination with entrainment mapping. Knowing this 1720  
information could help the operator to modify the strategy and to select the most effective ablation line that will take 1721  
both the active and the possible passive circuit. This could result in higher termination rate, fewer RF deliveries, and 1722  
shorter ablation procedures, although this needs further study. Our findings also may lead us to rethink the initial AF 1723  
procedural strategy, as each ablation region may become a potential obstacle or slow-conduction area to cause N/N-1724  
1 collision, resulting in potential future iatrogenic ATs. 1725  

 1726  
 1727  
Manuscript is in publication; Heart Rhythm. 2019 Apr;16(4):553-561. doi: 10.1016/j.hrthm.2018.10.031. Epub 1728  
2018 Oct 31. 1729  
 1730  
A simple mechanism underlying the behavior of reentrant atrial tachycardia during ablation. 1731  
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6. The relationship between wall thickness distribution on CT imaging and 1745  

substrate mapping on the 3D-EAM in ICM patient 1746  

 1747  
Visualization of potentially arrhythmogenic substrate obtained by cardiac imaging before and during an ablation 1748  
procedure can help focus attention on culprit regions to treat VT.  1749  
Late gadolinium-enhanced CMR is the reference technique for tissue characterization and spatial extent, topography, 1750  
transmurality and heterogeneity of myocardial scar102,103. However, CMR-methods have substantial limitations in 1751  
patients with VT in terms of availability, reproducibility across vendors/sites, quality and safety in patients with ICDs. 1752  
Moreover, the spatial resolution of conventional CMR-methods (usually several millimeters) may be inadequate to 1753  
accurately characterize severely remodeled chronic infarcts. In contrast, MDCT is more readily available, highly 1754  
reproducible across vendors/sites, less limited by ICDs, and has unparalleled spatial resolution (about 500µm), and 1755  
MDCT can accurately assess LV wall thickness (WT)81. Myocardial wall thinning has been reported to co-localize 1756  
with voltage-defined scar as identified using conventional thresholds81,(peak-to-peak bipolar amplitude <1.5 mV)55. 1757  
However, the detailed relation between electrophysiological information including near- and far-field voltages, 1758  
voltage channels, and VT isthmuses and WT heterogeneity within the scar area has not been thoroughly studied. In 1759  
this chapter, we focused on this topic. 1760  
 1761  
 1762  
6-1. Detailed comparison between wall thickness and voltages in chronic myocardial infarction 1763  
 1764  
Background and purpose 1765  
This study aimed to characterize the relation between the regional myocardial WT as imaged by MDCT and EGM 1766  
amplitudes within scar, including near- and far-field components. We also aimed to clarify which component was 1767  
automatically considered by the mapping system in different WT regions. 1768  
Methods and results 1769  
For this study, we enrolled 12 consecutive patients who presented with VT late after myocardial infarction and who 1770  
underwent contrast-enhanced MDCT before VT ablation. We performed contrast-enhanced MDCT with a 64-slice 1771  
CT scanner (SOMATOM Definition, Siemens Medical Solutions, Forchheim, Germany) 1 to 3 days before the 1772  
ablation procedure. Image processing was performed by 2 trained technicians using the MUSIC software (Liryc-1773  
Universite ́ de Bordeaux/INRIA, Sophia Antipolis, France). WT was automatically computed from endo- and 1774  
epicardial contours. A 3-dimensional patient-specific model comprising all anatomical information was generated 1775  
and exported into 3D-electro anatomical mapping (EAM) systems (Carto 3 system, Biosense Webster) for subsequent 1776  
integration with electroanatomical geometries. A voltage map was acquired over the endocardium with a 20-electrode 1777  
dedicated catheter (Pentaray, Biosense Webster, Diamond-Bar; multielectrode mapping catheter with 2-6-2 mm 1778  
interelectrode spacing and 1mm circumferential electrode) during sinus rhythm (SR) and WT data was merged on 1779  
the 3D-EAM and the association between the WT and EGMs were retrospectively analyzd. Although all mapping 1780  
points, within the area of WT<5mm, acquired with a 20-electrode dedicated catheter were systematically reviewed, 1781  
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bipolar electrograms created from 6mm inter-electrode spacing were removed from the analysis. Signals were filtered 1782  
from 2-240 Hz in unipoles and 16-500 Hz in bipoles, and 50 Hz notch filter was applied. 1783  
 1784  
Of 15748 points in total (1312±489 points per patient), 2677 points (within 5mm of the tissue surface) were analyzed. 1785  
Of these local potentials, 1768 (66.0%) had single-component EGMs, while 909 (34.0%) had multi-component 1786  
EGMs with LAVAs. The proportion of EGMs with LAVA potentials stratified by the WT was 93/146 (63.7%), 1787  
214/293 (73.0%), 342/606 (56.4%), 136/441 (30.8%), 98/386 (25.4%) and 26/805 (3.2%), in 0-1mm area, 1-2mm 1788  
area, 2-3mm area, 3-4mm area, 4-5mm area, and >5mm area, respectively (p<0.0001). 785 (86.4%) and 883 (97.1%) 1789  
LAVAs were distributed in the WT<4mm and the WT<5mm, respectively. In total, approximately 90% of LAVAs 1790  
were distributed in the WT<4 mm area, and the critical isthmus of the VT was located on the WT 1-4 mm. 1791  
Although a significant voltage difference was demonstrated in any two of WT ranges in unipolar, bipolar, and far-1792  
field EGMs as shown in Table 6-1, the general correlation between the voltage and each WT was higher in the far-1793  
field voltages (unipolar voltage, ρ=0.348, p<0.001; bipolar voltage, ρ=0.380, p<0.001; far-field voltage, ρ=0.430, 1794  
p<0.001), but still not very strong. In the near-field voltage in multi-component EGMs in the scar area, a significant 1795  
voltage difference was not seen between any two of them (Table 6-1). The correlation was much weaker between the 1796  
near-field voltage and WT (ρ=0.062, p=0.04).  1797  
 1798  
Table 6-1. Comparison of voltages between wall thickness 1799  

 1800  
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As shown in Figure 6-1, peak-to-peak voltage automatically measured by the 3D-EAM system was composed of 1802  
only far-field EGM, only near-field EGM, or a combination of the far- and near- field EGMs. The proportion of 1803  
points from which the system automatically measured voltage on near-field EGM components increased from <10% 1804  
in areas of wall thickness 4-5mm to 50% in areas <2mm. 1805  
 1806  

  1807  
Figure 6-1. The relationship between wall thinning and the signal voltages automatically calculated by 3D 1808  
mapping system as a local voltage 1809  
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 1810  
Summary and conclusions 1811  
The main findings of this study are that 1812  
(1) Far-field voltages may be moderately correlated to the WT. 1813  
(2) Near-field voltages are much less sensitive to the difference in WT. 1814  
(3) The voltage automatically measured by the 3D-EAM is based on near-field EGMs only in the thinnest areas, and 1815  
it is largely based on far-field EGMs in thicker areas. 1816  
(4) Approximately 90% of LAVAs were distributed in the WT<4 mm area, and the critical isthmus of the VT was 1817  
located on the WT 1-4 mm 1818  
In conclusion, we demonstrated that in patients with chronic healed myocardial infarction referred for VT ablation, 1819  
far-filed voltages within the scar show moderate positive correlation with the wall thickness heterogeneity assessed 1820  
by MDCT, but the near-field voltages do not. The automated annotation of bipolar EGMs is more often based on 1821  
near-field EGMs the thinnest areas, in the center of the scar. However, most of the EGMs annotated automatically by 1822  
the 3D-mapping system are far-field, particularly in the wall thickness of 2-5mm scar areas. Most LAVAs are 1823  
distributed in the WT<4mm and the critical site of VT may be distributed in WT:1-4mm area. 1824  
 1825  
 1826  
Manuscript is in publication; J Cardiovasc Electrophysiol. 2019 Feb;30(2):195-204. doi: 10.1111/jce.13767. Epub 1827  
2018 Oct 31. 1828  
 1829  
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Abstract

Background: The relationship between the local electrograms (EGMs) and wall

thickness (WT) heterogeneity within infarct scars has not been thoroughly described.

The relationship between WT and voltages and substrates for ventricular tachycardia

(VT) was examined.

Methods: In 12 consecutive patients with myocardial infarction and VT, WT, defined

by a multidetector computed tomography, and voltage were compared. In multi-

component EGMs, amplitudes of both far‐ and near‐field components were manually

measured, and the performance of the three‐dimensional‐mapping system automatic

voltage measurement was assessed.

Results: Of 15 748 points acquired, 2677 points within 5mm of the endocardial

surface were analyzed. In total, 909 (34.0%) multicomponent EGMs were identified;

785 (86.4%) and 883 (97.1%) were distributed in the WT less than 4 and 5mm,

respectively. Far‐field EGM voltages increased linearly from 0.14mV (0.08‐0.28mV)

in the WT: 0 to 1mm to 0.70mV (0.43‐2.62 mV) in the WT: 4 to 5mm (ρ = 0.430;

P < 0.001), and a significant difference was demonstrated between any two

WT‐groups (P ≤ 0.001). In contrast, near‐field EGM voltages varied from 0.27mV

(0.11‐0.44mV) in the WT: 0 to 1mm to 0.29mV (0.17‐0.53mV) in the WT: 4 to 5mm

with a poorer correlation (ρ = 0.062, P = 0.04). The proportion of points where the

system automatically measured the voltage on near‐field EGMs increased from less

than 10% in areas of WT: 4 to 5mm to 50% in areas less than 2mm. Of 21 VTs

observed, seven hemodynamically stable VTs were mapped and terminated in WT: 1

to 4mm area.

Conclusions: Although far‐field voltages gradually increase with the WT, near‐field
does not. The three‐dimensional–mapping system preferentially annotates the

near‐field components in thinner areas (center of the scar) and the far‐field

J Cardiovasc Electrophysiol. 2019;30:195-204. wileyonlinelibrary.com/journal/jce © 2018 Wiley Periodicals, Inc. | 195
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component in thicker areas when building a voltage map. Critical sites of VT are

distributed in WT: 1 to 4mm areas.

K E YWORD S

computed tomography, ventricular tachycardia, voltage, wall thickness, wall thinning

1 | INTRODUCTION

Visualization of a potentially arrhythmogenic substrate obtained by

cardiac imaging before and during an ablation procedure can help focus

mapping and ablation on culprit regions to treat ventricular tachycardia

(VT). Delayed‐enhancement magnetic resonance imaging (MRI) may

characterize the spatial extent of myocardial scar, including its

topography and transmurality.1,2 However, the presence of an

implanted cardioverter defibrillator (ICD) may degrade the image

quality, and the spatial resolution of MRI (1‐2mm) may be insufficient

to accurately characterize scar heterogeneity in thinned myocardial

infarction (MI) (down to 1mm wall thickness [WT]). Contrast‐enhanced
multidetector computed tomography (MDCT) is shown to assess not

only myocardial and vascular anatomy, but also myocardial WT with

submillimetric resolution.3,4 Myocardial wall thinning has been reported

to colocalize with the voltage‐defined scar as identified using conven-

tional thresholds,5 (peak‐to‐peak bipolar amplitude <1.5mV).6 However,

the detailed relation between local voltages and WT heterogeneity

within the scar area has not been thoroughly studied. This study aimed

to characterize the relation between the regional myocardial WT as

imaged by MDCT and electrogram (EGM) amplitudes within the scar,

including near‐ and far‐field components. We also aimed to clarify which

component was automatically considered by the mapping system in

different WT regions.

2 | METHODS

2.1 | Patient selection

We enrolled 12 consecutive patients who presented with VT late

after MI and who underwent contrast‐enhanced MDCT before VT

ablation. Patients were included if they had episodes of repetitive,

sustained VT requiring external cardioversion or ICD interventions.

All patients gave written informed consent according to the

institutional guidelines of the University of Bordeaux Health System,

which provided ethical approval for the study.

2.2 | Image acquisition

We performed contrast‐enhanced MDCT with a 64‐slice CT scanner

(SOMATOM Definition; Siemens Medical Solutions, Forchheim,

Germany) 1 to 3 days before the ablation procedure as previously

reported.7 In brief, images were acquired during an expiratory

breath‐hold with tube current modulation set on end‐diastole. CT

angiographic images were acquired during a bolus injection of 120mL of

iodinated contrast agent at a rate of 5mL/s. Acquisition parameters

were: slice thickness, 0.6mm; tube voltage, 120 kVp; maximum tube

current, 850mAs; and gantry rotation time, 330milliseconds.

2.3 | Image segmentation

Image processing was performed by two trained technicians using

the MUSIC software (Liryc‐Université de Bordeaux/INRIA, Sophia

Antipolis, France). Segmentation was performed as described

previously.7–9 In brief, the cardiac chambers, ventricular epicardium,

ascending aorta, and coronary sinus (CS) were segmented using

semiautomatic methods.8 Additional segmentation was performed to

identify the coronary arteries and left phrenic nerve.9 WT was

automatically computed from endocardial and epicardial contours. A

three‐dimensional (3D) patient‐specific model comprising all anato-

mical information was generated and exported into a 3D‐electro-
anatomical mapping (EAM) systems (Carto 3 System; Biosense

Webster, Diamond Bar, CA) for subsequent integration with

electroanatomical geometries. We used a 5‐mm value as a cutoff

for significant myocardial thinning based on the previous report.10

End‐diastolic WT was displayed as isosurfaces of <1, <2, <3, <4, and

<5mm, respectively (Figure 1A) and displayed on both the

endocardial and epicardial surfaces.

2.4 | Electrophysiological study

A 6‐Fr decapolar catheter was placed in the CS. The left ventricular (LV)

endocardium was accessed by transseptal or retrograde transaortic

approach. Pericardial access was obtained via a percutaneous subxiphoid

puncture if required.11 A voltage map was acquired over the

endocardium with a 20‐electrode dedicated catheter (Pentaray; Biosense

Webster) multielectrode mapping catheter with 2‐6‐2‐mm interelectrode

spacing, and 1‐mm circumferential electrode) during sinus rhythm (SR).

Signals were filtered from 2 to 240Hz in unipoles and 16 to 500Hz in

bipoles, and 50‐Hz notch filter was applied.

2.5 | Radiofrequency ablation

VT inducibility was assessed with two drive trains (600 and

400milliseconds) with up to three extra stimuli decremented to

200milliseconds from the right ventricle (RV) apex. In patients with

inducible and tolerated VT, a VT map was acquired and ablation was

performed based on the conventional activation map and entrainment
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mapping. After restoration of SR, or in cases with noninducible VT or

VT that was not tolerated, ablation of local abnormal ventricular

activities (LAVAs) was performed with the endpoint of LAVA

elimination during SR.12 Ablation was performed using the 3.5‐mm

open‐irrigated catheter and the radiofrequency power was limited to

35 to 50W endocardially and 25 to 35W epicardially. After ablation,

the areas previously displaying LAVA were remapped. In the presence

of residual LAVAs, further radiofrequency ablation was performed.

Induction of VT postablation was repeated with programmed

stimulation using the same protocol as before ablation. The procedural

endpoint was the complete elimination of LAVAs and noninducibility

of VT.

F IGURE 1 Segmented CT image and wall thickness distribution (A) and the registration of the CT‐image on the 3D‐mapping system in
one case (B). (a) Local EGMs in the WT: 2 to 3 mm region show fused EGMs of NF‐ and FF‐components. The NF‐voltage (0.52 mV) is
larger than FF‐voltage (0.21 mV), which is reflected in the peak‐to‐peak voltage on this site. (b) Local EGMs in the WT: 3 to 4 mm region
show separated EGMs of FF‐ and NF‐components. The FF‐voltage (1.55 mV) is larger than the NF‐voltage (0.41 mV), which is reflected in
the peak‐to‐peak voltage on this site. Blue tags represent LAVAs, mainly distributed in the channel of WT: 2 to 4 mm area surrounded by
the border of WT <2 mm. Ao, aorta; CS, coronary sinus; CT, computed tomography; EGM, electrograms; FF, far‐field; LA, left atrium;
LAD, left anterior descending artery; LAO, left anterior oblique; LCX, left circumflex artery; LV, left ventricle; NF, near‐field EGM; PPV;
peak‐to‐peak voltage; RA, right atrium; RCA, right coronary artery; RV, right ventricle; SVC, superior vena cava; 3D, three‐dimensional;
WT, wall thickness [Color figure can be viewed at wileyonlinelibrary.com]
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2.6 | Postprocedural data analysis

2.6.1 | 3D registration

For the postablation analysis, a 3D patient‐specific model with all

anatomical information was exported into 3D‐EAM systems (Carto

3 System; Biosense Webster) for subsequent integration with

electroanatomical geometries. WT shells were registered to the

electroanatomical map with an operator blinded to the procedure

outcome. For 3D registration of EAM geometry with the MDCT

model, identifiable anatomic reference points (left atrium, CS, aortic

root, LV apex, and mitral annulus) were used as landmarks for

alignment and orientation of the 3D‐EAM and MDCT models

(Figure 1B).

2.6.2 | Comparison between EGMs versus WT

All endocardial SR maps were analyzed. Although all mapping points

within the area of WT less than 5mm acquired with a 20‐electrode
dedicated catheter were systematically reviewed, bipolar EGM created

from 6‐mm interelectrode spacing were removed from the analysis. We

used an internal point filter software available on the mapping system

to limit data acquisition to within 5mm from the endocardial surface

geometry. WT value at each site was compared with both unipolar and

bipolar EGM amplitude as automatically measured by the mapping

system. Sites exhibiting multicomponent EGMs were assessed by two

independent physicians blinded to the CT‐imaging information, with

adjudication by a third physician in case of disagreement, to determine

the presence or absence of LAVAs. As previously reported,12 LAVAs

were defined as sharp high‐frequency ventricular potentials, possibly

(but not always) of low amplitude, distinct from the far‐field ventricular

EGM in SR or before the far‐field ventricular EGM during VT. To

confirm the nature of LAVAs and to distinguish them from far‐field
ventricular EGMs in the presence of ambiguity, the reaction in pacing

maneuvers or local ectopies was used to discriminate near‐field

potentials from the far‐field.12 In these areas, both near‐field potentials

(=LAVAs) and far‐field potentials were separately measured and

compared with WT, respectively (Figure 1B).

2.7 | Statistical analysis

Categorical data were expressed as numbers and percentages.

Continuous data were expressed as mean ± SD and/or median

(25th‐75th percentiles) according to the skewness. Comparison

between each voltage (unipolar, bipolar, near‐field, and far‐field)
and the stratum of WT was performed with the nonparametric

Kruskal‐Wallis test and the Dunnett T3 post‐hoc test. The general

correlation between the voltage and WT was assessed with the

Pearson correlation test. To test confidence in LAVA potentials’

determination, the interobserver agreement was evaluated by

calculating the Cohen’s κ coefficient. Far‐ and near‐field EGMs in

WT more than 5mm was not included in the analysis because of an

extremely small distribution of LAVAs in this region, which could

incorrectly affect the statistics. P < 0.05 was considered statistically

significant.

3 | RESULTS

3.1 | Patient characteristics

The baseline characteristics of the 12 patients are shown in Table 1.

MI were observed in inferior wall in seven (58.3%), the anterior wall

in six (50.0%), and lateral in two (14.3%) patients. Of 15 748 points in

total (1312 ± 489 points per patient), 2677 points (within 5 mm of

the tissue surface) were analyzed. Of these local potentials, 1768

(66.0%) had single component EGMs, while 909 (34.0%) had

multicomponent EGMs with LAVAs. The proportion of EGMs with

LAVA potentials stratified by the WT was 93 of 146 (63.7%), 214 of

293 (73.0%), 342 of 606 (56.4%), 136 of 441 (30.8%), 98 of 386

TABLE 1 Baseline characteristics

Patient no. Age Sex Procedure no. NYHA Amiodarone β‐Blocker LVEF ICD Infarct region

1 76 M 1 3 n Y 35 y Anterior

2 80 M 1 1 y Y 23 y Anteroseptal, apical

3 51 M 1 1 n Y 35 y Anterior

4 72 M 1 2 y Y 42 y Inferolateral

5 26 M 2 1 n Y 29 y Anterior

6 78 M 1 4 y Y 35 y Anterior

7 71 M 1 1 y Y 35 y Anteroseptal, inferoseptal

8 56 M 1 2 y Y 40 y Inferior

9 71 M 1 1 y Y 50 y Inferior

10 70 M 1 2 y Y 40 y Inferior

11 55 M 1 2 y Y 30 y Inferior, lateral

12 64 M 1 1 n Y 65 y Inferior

Abbreviations: ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association.
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TABLE 2 Comparison of voltages between wall thickness. A. Unipolar voltages. B. Bipolar voltages. C. Near‐field (LAVA) voltages. D. Far‐field
voltages

WT 0‐1mm WT 1‐2mm WT 2‐3mm WT 3‐4mm WT 4‐5mm
(N = 93) (N = 293) (N = 605) (N = 441) (N = 386)
2.81mV 3.41mV 3.58mV 4.76mV 5.60mV

Unipolar voltage [1.96‐4.89mV] [2.47‐4.49mV] [2.82‐4.76mV] [3.39‐6.90mV] [3.90‐7.26mV]

WT 0‐1mm (N = 93)
2.81mV [1.96‐4.89mV]

P = 0.981 P = 0.001 P < 0.001 P < 0.001

WT 1‐2mm (N = 293)
3.41mV [2.47‐4.49mV]

P < 0.001 P < 0.001 P < 0.001

WT 2‐3mm (N = 605)
3.58mV [2.82‐4.76mV]

P < 0.001 P < 0.001

WT 3‐4mm (N = 441)
4.76mV [3.39‐6.90mV]

P < 0.001

WT 4‐5mm (N = 386)
5.60mV [3.9‐7.26mV]

WT 0‐1mm WT 1‐2mm WT 2‐3mm WT 3‐4mm WT 4‐5mm
(N = 146) (N = 293) (N = 605) (N = 441) (N = 386)

0.36mV 0.52mV 1.12mV 1.18mV
0.27mV [0.19‐0.70 [0.27‐0.88 [0.47‐2.04 [0.61‐2.24

Bipolar voltage [0.12‐0.45mV] mV] mV] mV] mV]
WT 0‐1mm (N = 146)
0.27mV [0.12‐0.45mV]

P < 0.001 P < 0.001 P < 0.001 P < 0.001

WT 1‐2mm (N = 293)
0.36mV [0.19‐0.70mV]

P < 0.001 P < 0.001 P < 0.001

WT 2‐3mm (N = 605)
0.52mV [0.27‐0.88mV]

P < 0.001 P < 0.001

WT 3‐4mm (N = 441)
1.12mV [0.47‐2.04mV]

P = 0.007

WT 4‐5mm (N = 386)
1.18mV [0.61‐2.24mV]
Near‐field WT 0‐1mm WT 1‐2mm WT 2‐3mm WT 3‐4mm WT 4‐5mm
(LAVA) (N = 93) (N = 214) (N = 342) (N = 136) (N = 98)
bipolar 0.27mV 0.28mV 0.26mV 0.29mV 0.29mV
voltage [0.11‐0.44mV] [0.14‐0.45mV] [0.14‐0.45mV] [0.17‐0.49mV] [0.17‐0.53mV]
WT 0‐1mm (N = 93)
0.27mV [0.11‐0.44mV]

P = 1.000 P = 1.000 P = 0.995 P = 0.503

WT 1‐2mm (N = 214)
0.28mV [0.14‐0.45mV]

P = 1.000 P = 1.000 P = 0.571

WT 2‐3mm (N = 342)
0.26mV [0.14‐0.45mV]

P = 0.969 P = 0.303

WT 3‐4mm (N = 136)
0.29mV [0.17‐0.49mV]

P = 0.95

WT 4‐5mm (N = 98)
0.29mV [0.17‐0.53mV]
Far‐field WT 0‐1mm WT 1‐2mm WT 2‐3mm WT 3‐4mm WT4‐5mm
voltage (N = 93) (N = 217) (N = 342) (N = 136) (N = 98)
bipolar 0.14mV 0.18mV 0.34mV 0.56mV 0.70mV
voltage [0.08‐0.28mV] [0.08‐0.39mV] [0.10‐0.65mV] [0.22‐1.21mV] [0.43‐2.62mV]
WT 0‐1mm (N = 93)
0.14mV [0.08‐0.28mV]

P < 0.001 P < 0.001 P < 0.001 P < 0.001

WT 1‐2mm (N = 217)
0.18mV [0.08‐0.39mV]

P < 0.001 P < 0.001 P < 0.001

WT 2‐3mm (N = 342)
0.34mV [0.10‐0.65mV]

P < 0.001 P < 0.001

WT 3‐4mm (N = 136)
0.56mV [0.22‐1.21mV]

P = 0.001

WT4‐5mm (N = 98)
0.70mV [0.43‐2.62mV]

Abbreviation: WT, wall thickness.
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(25.4%), and 26 of 805 (3.2%), in 0 to 1‐mm area, 1 to 2‐mm area, 2 to

3‐mm area, 3 to 4‐mm area, 4 to 5‐mm area, and more than 5mm

area, respectively (P < 0.0001). Hence, 785 (86.4%) and 883 (97.1%)

LAVAs were distributed in the WT less than 4mm and the WT less

than 5mm, respectively. The Cohen’s κ coefficient for intraobserver

and interobserver agreement with LAVAs was 0.92 (95% confidence

intervals [CI], 0.90‐0.94) and 0.87 (95% CI, 0.84‐0.90), respectively.

3.2 | Voltage vs WT

In addition to the median amplitude of unipolar and bipolar EGMs as

automatically measured by the 3D‐EAM system, we investigated the

amplitude of bipolar near‐ and far‐field amplitudes stratified by the

WT. Unipolar voltage increased from 2.81mV [1.96‐4.89mV] to

5.60mV [3.90‐7.26 mV] and bipolar voltage increased from 0.27mV

(0.12‐0.45 mV) to 1.18mV (0.61‐2.24mV) as WT increased from 0 to

1mm to 4 to 5mm, and significant differences were detected in the

comparison between any two of the WT except WT 0 to 1mm vs 1 to

2mm in the unipolar (Table 2A and 2B). The far‐field voltage

amplitude in multicomponent EGMs in the scar area was varying

from 0.14mV (0.08‐0.28mV) to 0.70 mV (0.43‐2.62mV) as WT

increased from 0 to 1mm to 4 to 5mm. Similarly, a significant voltage

difference was demonstrated in any two of them (Table 2C).

Although a significant voltage difference was demonstrated in any

two of WT ranges in unipolar, bipolar, and far‐field EGMs, the general

correlation between the voltage and each WT was higher in the far‐
field voltages (unipolar voltage, ρ = 0.348, P < 0.001; bipolar voltage,

ρ = 0.380, P < 0.001; far‐field voltage, ρ = 0.430, P < 0.001) but still

not very strong.

In the near‐field voltage in multicomponent EGMs in the scar

area, a significant voltage difference was not seen between any two

of them (Table 2D). The correlation was much weaker between the

near‐field voltage and WT (ρ = 0.062, P = 0.04). For the assessment of

the voltage correlation between 0 to 1mm to 4 to 5mm, no

individual patient significantly skewed the data as the mean number

of measurements by the patient was similar between each stratum of

WT (P = 0.85).

3.3 | Automated peak‐to‐peak voltage
measurements

As shown in Figure 2A, peak‐to‐peak voltage automatically measured

by the 3D‐EAM system was composed of only far‐field EGM, only

near‐field EGM, or a combination of the far‐ and near‐field EGMs.

The proportion of points from which the system automatically

measured voltage on near‐field EGM components increased from less

than 10% in areas of WT 4 to 5mm to 50% in the areas less

than 2mm.

In scar areas with LAVAs, 2% of EGMs’ amplitude exceeded

1.5 mV in the WT 0 to 1mm area as compared with 40% in the WT 4

to 5mm. At sites with normal voltage (≥1.5 mV), the mapping system

automatically selected the near‐field component, 100% in the WT 0

to 1mm versus 0% in the WT 4 to 5mm (Figures 2B and 3).

Altogether, only a few points with normal voltage (>1.5 mV) were

measured from near‐field EGMs, and most were measured from the

far‐field EGMs in the scar. Most of the LAVA near‐field EGMs were

less than 0.5mV (701 of 909; 77.1%), and (893 of 909; 98.2%) of

those were less than 1.5 mV in the scar area.

3.4 | Radiofrequency ablation

Radiofrequency ablation targeting LAVA was performed endocar-

dially first in all patients. Monomorphic VT was induced mechanically

or by programmed pacing in all patients. In total, 21 VTs (induced or

spontaneous) were observed, and seven hemodynamically stable VTs

were mapped in six patients using conventional and entrainment

mapping. All were successfully terminated with endocardial ablation:

over an area of 1 to 2mm thickness in two VTs, 2 to 3mm in three,

and 3 to 4mm in two (Figure 3B). After termination of VT in these

cases, further ablation targeting LAVAs was performed during SR.

Complete elimination of LAVAs was not achieved despite extensive

ablation in four patients and one patient could not tolerate a long

procedure. Although clinical VT was not inducible in any patients by

the same pacing protocol as before ablation, nonclinical VT was

induced in four patients including two with polymorphic VT; two with

complete LAVA elimination; and two with partial LAVA elimination.

Additional RF applications were performed for patients with

nonclinical VT based on the pace‐map without further induction.

The mean procedure time and ablation times were 269 ± 45 and

49 ± 15minutes, respectively. During a follow‐up of 21.1 ± 16.4

months, recurrent VT was revealed on ICD interrogation in three

patients; complete LAVA elimination had not been achieved in two,

and nonclinical VT had been induced at the end of the previous

procedure in 1.

4 | DISCUSSION

In this study, we analyze the relation between voltage and

myocardial WT heterogeneity within chronic MI. The main findings

are that (1) far‐field voltages may be moderately correlated to the

WT; (2) near‐field voltages are much less sensitive to the difference

in WT; (3) the voltage automatically measured by the 3D‐EAM is

based on near‐field EGMs only in the thinnest areas, and it is largely

based on far‐field EGMs in thicker areas; (4) approximately 90% of

LAVAs were distributed in the WT less than 4mm area, and the

critical isthmus of the VT was located on the WT 1 to 4mm.

4.1 | Relationship between WT and voltage

Our results are consistent with prior studies, which indicate a

positive correlation between unipolar and bipolar voltage and WT

within chronic MI. In addition, the current study provided a further

characterization of the relation between WT using CT scan, voltages

and the nature of the EGMs recorded. A prior endocardial and

epicardial mapping study reported transmural electrophysiological
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substrate in thinnest myocardial areas.1,2,13 Furthermore, some

studies with late gadolinium‐enhanced MRI showed that endocardial

unipolar and bipolar EGM amplitudes decreased significantly with

increasing scar transmurality on MRI.2,14

From the finding in the current study, far‐field voltages showed a

stronger correlation with the WT in the scar area, and automated

bipolar/unipolar voltages provided less correlation probably because

the peak‐to‐peak voltage automatically measured with the 3D‐EAM
might be contributed by both near‐ and far‐filed EGMs. We clearly

demonstrated that in the bipolar EGMs where far‐ and near‐field
signals could be separately identified, many of these voltages were

measured on near‐field EGMs in thinner WT (<2mm) and on far‐field
ones when WT exceeded 2mm. This difference could be due to the

absence of a far‐field signal coming from the third dimension (WT) in

the thinnest scar. The total far‐field effect may depend on the local

WT and adjacent healthy tissues, which may finally affect the bipolar

voltage. This annotation issue is an important limitation of automated

mapping systems and should be acknowledged in the interpretation

of both voltage and activation maps. This can explain why

approximately 20% of EGMs are reported to show normal voltages

even in the transmural scar on MRI, and critical VT ablation sites in

some patients are located within these areas.2 Although the direct

comparison between the transmurality of the MRI‐defined scar and

the WT of the CT‐defined scar is not easy, normal voltage EGMs in a

MRI‐defined transmural scar in the previous study may be mostly

due to far‐field EGMs, possibly masking/missing the smaller near‐
field EGMs. This finding also supports the suboptimal results of

voltage‐channel based ablation strategy15 (Figure 3A). As shown in

the current study, unipolar, bipolar, and far‐ and near‐field
amplitudes did not demonstrate a strong correlation to the WT,

which underscored that voltage and CT‐based WT may have a

moderate correlation but provide more or less different information

and should be used complimentarily.

4.2 | Discrepancy between near‐ and far‐field EGM
components

Interestingly, we found near‐field bipolar voltage much less closely

related to thickness heterogeneity than far‐field bipolar voltage. As

we mentioned, the relation between far‐field bipolar voltage and

thickness may be explained by the fact that the far‐field EGM

emerges from a larger area that includes more remote myocar-

dium,16 and the amount of such remote myocardium is likely to

decrease when the wall gets thinner and mostly composed of

the scar.

In contrast, the near‐field EGM emerges from bundles of

surviving myocardium within the scar located between the pairs of

bipolar.16 These EGM components characterize a more microscopic

structural feature, and the amount of such tissue does not seem to

relate to the thickness of the entire wall. In addition, closely spaced

bipoles may only detect superficial LAVAs, missing those that are

deeper in the scar, fibrosis possibly acting as an insulator for

recording these deeper activities. Finally, these tiny EGMs may be

masked by the far‐field from thicker adjacent regions hosting many

more “healthy” myocytes.

As for the substrate ablation, LAVAs represented by near‐field
EGMs in the scar may be targeted. WT can help to predict where

these surviving fibers are; approximately 90% of them are distributed

in the WT less than 4mm area and more than 95% are in the WT less

than 5mm area. However, approximately 80% of the LAVA

amplitudes are less than 0.5mV, which does not vary much and

has no strong correlation to the WT. This observation may suggest

that the surviving bundles in the scar are made of a fairly consistent

amount of cells at a given point.

4.3 | Relationship between WT and VT
termination site

The architecture of scar after MI is well known.17–19 From the

endocardium to the epicardium, the wall is composed of scar

potentially intermingled with surviving myocardial fibers, overlaid

by a layer of remote myocardium whose thickness is decreasing with

scar transmurality. The current study shows that LAVAs are more

F IGURE 2 The relationship between wall thinning and the signal
voltages automatically calculated by 3D mapping system as a local
voltage in general (A) and in the area >1.5 mV (B)
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FIGURE 3 Continued.
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likely distributed within thinner areas typically in WT less than 2mm.

However, in the current study, VT terminations during ablation were

observed when ablating in areas with the WT: 1 to 4mm. This finding

suggested that some LAVAs identified in the WT 0 to 1mm and 4 to

5mm may not be associated with critical sites of VTs. Although the

VT substrate was reported to be more often localized within the scar

vs in the border zone,1,2,20 the thinnest area of WT 0 to 1mm may

not be the critical channel for the VT circuit but rather a zone of the

block (functional or not). The WT 1 to 4mm may include more a

combination of fibrosis and surviving myocardium known to be

associated with increased anisotropy and slow conduction critical to

the VT circuit. One recent study reported a thicker WT as a targeted

ablation site.21 This discrepancy might be explained by the different

ablation strategy in which they targeted border areas closer to the

healthy areas (which were probably thicker). We outlined that

the importance of high spatial resolution imaging was to characterize

the structural substrate of VT in chronic infarcts. These results on

WT distribution from MDCT could be used to better map and ablate

post‐MI VTs.

4.4 | Clinical implications

By analyzing both far‐ and near‐field signals in the scar, the present

finding provides further characterization of the relation between WT

and voltages. As local near‐field activity in the scar area is targeted

for ablation, the finding that bipolar voltage reflects more far‐field
EGMs in the thicker scar area helps the interpretation of voltage/

activation maps. In addition, approximately 90% of VT substrate was

distributed in the WT less than 4mm and the critical sites for VT

ablation might be localized in the WT: 1 to 4mm area. This is an

important observation as we know that CT scan underestimates the

surface of the scar when compared with MRI but it may show the

part of the scar that matters and hosts VT isthmus channels.

4.5 | Study limitations

First, this study included a small sample size without females and the

findings might not be extrapolated to the nonischemic VT and female

patients. Second, contact force may impact on recorded amplitude but

no multipolar mapping catheters are capable of contact force

measurement so far. Third, voltage amplitude measurement is related

to the relationship between the two unipolar electrodes comprising the

bipolar EGM, which may be dependent on the catheter orientation.

However, this limitation cannot be completely removed in any similar

studies, because the activation within heterogenous scar tissue is

originally complex and has a zig zag pattern, and these 3D activation

patterns might not be displayed perfectly with the two‐dimensional

mapping catheter. Fourth, the results of this study should be applied to

voltages and EGMs morphology recorded by the specific platform of the

mapping catheter (Pentaray). Smaller electrode size, unidirectional

rather than the circumferential electrode,22 smaller interelectrode

spacing22,23 may attenuate bipolar far‐field effect, leading to a different

result. Fifth, LAVA analysis was performed manually and algorithms

would be desirable to ensure standardization and reproducibility.

Another limitation was related to the potential misregistration between

imaging and electroanatomical mapping geometries. This aspect was

partly addressed by using state‐of‐the‐art technologies embedded in the

3D‐EAM system. Therefore, one should be aware that all reported

correlations between imaging and mapping data were subjected to

underestimation. The absence of MRI could also be a limitation as the

relation between WT and scar transmurality could be viewed as

speculative. However, a prior study has shown that WT related to the

transmurality of the electrophysiological VT substrate.3–5,7,8

5 | CONCLUSIONS

In patients with chronically healed MI referred for VT ablation, far‐
field voltages within the scar showed moderate positive correlation

with the WT heterogeneity assessed by MDCT, but the near‐field
voltages do not. The automated annotation of bipolar EGMs was

more often based on near‐field EGMs of the thinnest areas, in the

center of the scar. However, most of the EGMs annotated

automatically by the 3D‐mapping system are far‐field, particularly
in the WT of 2 to 5mm scar area. Approximately 90% of LAVAs are

distributed in the WT less than 4mm and the critical site of VT might

be distributed in WT: 1 to 4mm area.
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F IGURE 3 Comparison between the voltage map and wall thickness map. MDCT demonstrates heterogeneous WT distribution (<5mm)
larger than the low voltage area (<1.5 mV) in both patients; (A) with an inferior scar and (B) in inferior and apical scars. (A) Note that the
false‐positive normal voltage channel (>1.5 mV, 3‐5mm WT) (white arrows) is displayed in the automated peak‐to‐peak voltage map as the
3D‐EAM system misses LAVAs (=0.22mV) and takes the largest peak‐to‐peak amplitude as a local voltage. (B) Note that, in the dense scar area
(<0.5 mV, <2mm WT), voltage is based on delayed near‐field EGMs with multiple components (a), while in the normal voltage area (>1.5 mV,
4‐5mm WT), voltage is based on a combination of far‐ and near‐field signal (b). Purple tags show LAVA distribution during SR. During the
clinical VT, diastolic potentials (c), were identified on the green tags in the dense scar area <0.5 mV. Interestingly, while there is no channel on
the voltage map, one can see it on the CT scan. It appears as a relatively preserved thickness channel clearly visible on 2 to 3mm WT area
bordered by thinner areas (yellow dotted line). CS, coronary sinus; DP, diastolic potential; CT, computed tomography; IVC, inferior vena cava;
LA, left atrium; LAVA, local abnormal ventricular activity; LIPV, left ventricular pulmonary vein; MDCT, multidetector computed tomography;
RA, right atrium; SR, sinus rhythm; VT, ventricular tachycardia; WT, wall thickness [Color figure can be viewed at wileyonlinelibrary.com]
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 1853  
Background and purpose of the study 1854  
We have demonstrated in detail the correlation between the voltages and WT distribution in the prior study. 1855  
Additionally, we found that critical ablation site to terminate the VT is localized on the region with the WT of 1-1856  
4mm. However, WT maps have not been directly compared to activation maps during VT in the first study (Chapter 1857  
6-2). We hypothesized that areas of severe thinning are indicative of denser scar acting as zones of conduction block, 1858  
and that VT-isthmuses would instead be observed in channels of relatively preserved thickness within scars. This 1859  
study aimed to characterize the relationship between WT channels derived from MDCT and VT-isthmuses as defined 1860  
by high density activation mapping, ‘RhythmiaTM’. 1861  
Methods and results 1862  
For this study, an entire VT circuit has to be displayed as a gold standard to be compared with the CT WT distribution. 1863  
Therefore, of 30 consecutive patients who underwent CA for post-myocardial infarction VT using the OrionTM 1864  
multipolar basket catheter and the RhythmiaTM system (Boston Scientific, Marlborough, MA, USA), 9 patients with 1865  
complete VT activation maps which covers an entire CL were included. Image acquisition and processing was 1866  
performed similarly as it was done in the first study (Chapter 6-2).  1867  
The 3D-EAM was merged on the MDCT geometries on the RhythmiaTM system using identifiable anatomic reference 1868  
points (Superior vena cava, inferior vena cava, left atrium, CS, aortic root, LV apex, and the MA [3, 6, 9, and 12 1869  
o’clock]) to align both surfaces. The analyses were then performed using custom-built software in Matlab (The 1870  
Mathworks, Inc., Nattick, MA).  1871  
On MDCT data, a CT-channel was defined according to the following 3 criteria 1872  
1. Abnormal thickness (<5 mm) 1873  
2. Thickness on both edges thinner than that inside the channel. 1874  
3. Length longer than width. 1875  
CT-channels were identified by a consensus of blinded analyses by 3 trained physicians (one radiologist and two 1876  
electrophysiologists). The contours of each CT-channel were traced on the CT geometry. 1877  
On electroanatomical maps, a VT-isthmus was defined as follows. 1878  
1. Regions sequentially activated during the diastolic phase of VT 1879  
2. Confirmed by entrainment pacing or direct termination during ablation on the site with the diastolic potentials. 1880  
Additionally, the VT-isthmus was divided into three portions based on the local activation time in the activation map 1881  
in the present study; the first third of the diastolic phase is referred to as the entrance (early diastolic phase), the 1882  
second third as the central isthmus (mid-diastolic phase), and the last third as the exit (late diastolic phase). 1883  
 1884  
In total, 32 different VTs (median 4 per patient) were observed, of which complete activation maps were acquired in 1885  
10 (mean CL=429+/-77ms). Of the 10 VTs in which the VT circuit was fully characterized by activation mapping 1886  
covering an entire CL, all VT-isthmuses co-localized with CT-channels. Two example cases were shown in the Figure 1887  
6-2. 1888  
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Figure 6-2. VT activation map merged on the WT-map.  1890  
Example (A) shows clinical monomorphic VT in 59yo man with inferolateral infarction. One CT-channel covered diastolic activation as 1891  
shown in three EGMs, where WT of the CT-channel is 2-4mm, and the edge is <2mm and mitral annulus. VT was terminated during 1892  
ablation in this location, and the same VT was not induced after ablation at this site. Example (B) shows recurrent monomorphic VT in 1893  
71yo man with inferolateral infarction. Complete LAVA elimination with non-inducibility was achieved endocardially at the previous 1894  
session. CT-channel corresponded with epicardial VT-isthmus where the central WT is 2-4mm bordered between the dense scar<2mm 1895  
and mitral annulus. Epicardial EGMs on the isthmus are shown in the figure. 1896  
 1897  
The comparison between CT-channels and VT-isthmuses are described in the Table 6-2. Out of the 41 CT-channels 1898  
identified in the population, 21(51.2%) contained diastolic potentials during VT. These electrical VT-isthmuses went 1899  
through a single CT-channel in 3(30%) VTs, 2 CT-channels in 2(20%), 3 CT-channels in 3(30.0%), and 4 CT-channels 1900  
in 2(20.0%). Therefore, channels defined by CT predict involvement in a critical part of the VT circuit with a 1901  
sensitivity of 100% and a positive predictive value of 51.2%.  1902  
Electrophysiological VT-isthmuses were more likely to be associated with CT-channels that were longer [P=0.04, 1903  
OR 1.05/mm], thinner (but not less than 1mm) [P=0.03, OR 0.36/mm], or parallel to the mitral annulus [P=0.07, 1904  
OR3.93]. 1905  
 1906  
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Table 6-2. CT-channel vs. VT-isthmus per VT  1907  
 1908  
Summary and conclusion 1909  
In conclusion, CT scan wall thickness maps identify CT-channels which host VT-isthmuses consistently. Half of the 1910  
CT-defined channels are associated with the critical isthmus of mapped VT. If not all CT-channels are functional VT-1911  
isthmuses, perhaps due to VT non-inducibility, longer and thinner (but>1mm) CT-channels parallel to the mitral 1912  
annulus are more frequently associated with VT-isthmuses. The integration of these 3D models describing clear and 1913  
focused targets could help to shorten VT ablation procedures, and potentially improve outcomes, but the clinical 1914  
impact of this approach needs to be tested in further prospective trials. 1915  
 1916  
 1917  
Manuscript is in publication; Heart Rhythm. 2019 Jun 14. pii: S1547-5271(19)30557-0. doi: 1918  
10.1016/j.hrthm.2019.06.012. [Epub ahead of print] 1919  
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Are wall thickness channels defined by computed
tomography predictive of isthmuses of postinfarction
ventricular tachycardia?
Masateru Takigawa, MD,*† Josselin Duchateau, MD,* Frederic Sacher, MD,*
Ruairidh Martin, MD,*‡ Konstantinos Vlachos, MD,* Takeshi Kitamura, MD,*
Maxime Sermesant, PhD,x Nicolas Cedilnik, PhD,x Ghassen Cheniti, MD,*
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William Escande, MD,* Clémentine André, MD,* Thomas Pambrun, MD,*
Arnaud Denis, MD,* Nicolas Derval, MD,* Meleze Hocini, MD,*
Michel Haissaguerre, MD,* Hubert Cochet, MD,* Pierre Jaïs, MD*

From the *Liryc Institute, University of Bordeaux, Pessac/Bordeaux, France, †Heart Rhythm Center, Tokyo
Medical and Dental University, Tokyo, Japan, ‡Institute of Genetic Medicine, Newcastle University,
Newcastle-upon-Tyne, United Kingdom, and xEpione Research Team, Inria Sophia Antipolis, France.

BACKGROUND Wall thickness (WT) in post–myocardial infarction
scar is heterogenous, with channels of relatively preserved thick-
ness bordered by thinner scar.

OBJECTIVE This study sought to determinewhether 3-dimensionally-
reconstructed computed tomography (CT) channels correlatewith elec-
trophysiological isthmuses during ventricular tachycardia (VT).

METHODS We retrospectively studied 9 postinfarction patients (aged
576 15 years, 1 female) with 10 complete VT activation maps (cycle
length 429 6 77ms) created using high-resolution mapping. Three-
dimensionally-reconstructed WT maps from CT were merged with the
activation map during sinus rhythm (SR) and VT. The relationship be-
tween WT and electrophysiological characteristics was analyzed.

RESULTS A total of 41 CT channels were identified (median 4 per pa-
tient), of median (range) length 21.2 mm (17.3–36.8 mm), width 9.0
mm(6.7–16.5mm), andarea1.49 cm2(1.00–1.75 cm2).WT in the chan-
nel was significantly thicker in the center than in the edge (median 2.4
mmvs1.5mm,P, .0001). Of 3163 (2493–5960)mappingpoints in SR,
382 (191–1115) local abnormal ventricular activities (LAVAs) were

identified. One patient had a maximal proportion of LAVAs in 3–4
mm, 3 patients in 2–3 mm, 2 in 1–2 mm, and 2 in 0–1mm. The VT isth-
muses of all 10 VTs corresponded with 1–4 CT channels. Twenty-one of
the 41 CT channels (51.2%) corresponded to a VT isthmus (entrance,
mid, or exit). Electrophysiological VT isthmuses were more likely to
be associated with CT channels that were longer (P 5 .04, odds ratio
[OR] 1.05/mm), thinner (but not less than 1 mm) (P5 .03, OR 0.36/
mm), or parallel to the mitral annulus (P5 .07, OR 3.93).

CONCLUSION VT isthmuses were always found in CT channels
(100% sensitivity), and half of CT channels hosted VT isthmuses
(positive predictive value 51%). Longer and thinner (but .1 mm)
CT channels were significantly associated with VT isthmuses.

KEYWORDS Contrast-enhanced multidetector computed tomogra-
phy; High-resolution mapping; Isthmus; MUSIC; Myocardial infarc-
tion; Ventricular tachycardia; Wall thickness

(Heart Rhythm 2019;16:1661–1668) © 2019 Heart Rhythm Society.
All rights reserved.

Introduction
Visualization of potentially arrhythmogenic substrate ob-
tained by cardiac imaging before and during an ablation pro-
cedure can help focus attention on culprit regions to treat
ventricular tachycardia (VT).

Late gadolinium–enhanced cardiac magnetic resonance
(CMR) is the reference technique for tissue characterization
and spatial extent, topography, transmurality, and heteroge-
neity of myocardial scar.1,2 However, CMR methods have
substantial limitations in patients with VT in terms of

Josselin Duchateau and Masateru Takigawa contributed equally to the study. Disclosures: Drs Haïssaguerre, Hocini, Jaïs, and Sacher have received lecture
fees from Biosense Webster and Abbott. Drs Denis, Derval, Jaïs, and Sacher received speaking honoraria and consulting fees from Boston Scientific. The other
authors have no conflict of interest to disclose.Funding:DrMartin: Fellowship (FS/16/71/32487) from the British Heart Foundation. This work was supported by
l’Agence Nationale de la Recherche (ANR-10-IAHU-04/ANR-11-EQPX-0030), and by the European Research Council (ERC no. 715093). Address reprint
requests and correspondence: Dr Masateru Takigawa, Service de Rythmologie, Hôpital Cardiologique du Haut Lévêque - (CHU) de Bordeaux, Avenue de
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availability, reproducibility across vendors/sites, quality, and
safety in patients with implantable cardioverter-defibrillators
(ICDs).3,4 Moreover, the spatial resolution of conventional
CMR methods (usually several millimeters) may be
inadequate to accurately characterize severely remodeled
chronic infarcts. In contrast, multidetector computed
tomography (MDCT) is more readily available, is highly
reproducible across vendors/sites, is less limited by ICDs,
and has unparalleled spatial resolution (about 500 mm), and
MDCT can accurately assess left ventricular (LV) wall
thickness (WT).5,6 Wall thinning has been shown to co-
localize with voltage-defined scar (peak-to-peak bipolar
amplitude ,1.5 mV),7 but to our knowledge WT maps
have not been directly compared to activation maps during
VT. We hypothesized that areas of severe thinning are indic-
ative of denser scar acting as zones of conduction block, and
that VT isthmuses would instead be observed in channels of
relatively preserved thickness within scar. This study aimed
to characterize the relationship betweenWT channels derived
from MDCT and VT isthmuses as defined by high-density
activation mapping.

Methods
Patient selection
Of 30 consecutive patients who underwent catheter ablation
for post–myocardial infarction (MI) VT using the Orion
multipolar basket catheter and the Rhythmia system (Boston
Scientific, Marlborough, MA), 9 patients with complete VT
activation maps covering an entire cycle length (CL) were
included. All patients had episodes of repetitive, sustained
VT requiring external cardioversion or ICD interventions.
The research was approved by local ethics committees. Prior
written informed consent to participate was obtained from all
participants, according to institutional guidelines.

Image acquisition
Contrast-enhanced MDCT was performed with a 2 ! 192
detector dual-source scanner (Somatom Force, Siemens
Healthcare, Forchheim, Germany), 1–3 days prior to the abla-
tion procedure. Images were acquired in mid-diastole using
prospective electrocardiogram triggering during an expira-
tory breath-hold, with tube voltage and current adapted to
patient morphology. Acquisition was performed in the arte-
rial phase after the injection of a dual-phase bolus of iodin-
ated contrast agent, ie, 60 mL of 100% contrast at the rate
of 5 mL/s, followed by 80 mL of 50%/50% contrast/saline
at the same rate.

Image segmentation
Image processing was performed by 2 trained technicians us-
ing the MUSIC platform (Liryc, Université de Bordeaux,
Bordeaux, France, and INRIA, Sophia Antipolis, France), as
described previously.8–11 Briefly, the cardiac chambers,
ventricular epicardium, ascending aorta, and coronary sinus
(CS) were segmented semi-automatically,9 and ventricular
endocardium automatically. WT was automatically computed

from endocardial and epicardial contours. We used 5 mm as a
cutoff for significant myocardial thinning based on previously
reported MDCT values of WT in a healthy population.11

Severely thinned scar areas are defined as WT,2 mm. A
3-dimensional (3D) patient-specific model comprising all
anatomical information was generated and exported in MAT-
LAB (Mathworks, Inc, Natick, MA) for subsequent post hoc
integration with electroanatomical geometries.

Electrophysiological study
Electrophysiological studies were performed blinded from
MDCT results. A 5F decapolar and quadripolar catheter
were placed in the CS and the right ventricle, respectively.
The LV endocardium was accessed using a transseptal
approach. Pericardial access was obtained via a percutaneous
subxiphoid puncture if required.12,13 A voltage map was
acquired with Rhythmia during both sinus rhythm (SR) and
induced VT with the support of a steerable long sheath
(Agilis, St Jude Medical, St Paul, MN). Activation maps
were created using the standard beat acceptance criteria
(automatic) based on (1) CL variation, (2)
electrocardiogram QRS morphology, (3) catheter motion,
(4) electrogram stability, (5) catheter tracking quality, and
(6) respiration gating. The confidence mask parameter was
nominally set at 0.03 mV, which was manually lowered to
be as close as possible to the noise threshold, to allow
visualization of the entire circuit.14,15 In SR, all points
within 2 mm of the surface were analyzed, and local
abnormal ventricular activities (LAVAs) were manually
annotated in areas with coexisting LAVA and far-field activ-
ity. Areas of scar and dense scar were defined as ,0.8 and
,0.2 mV.16,17 VT inducibility was assessed with 2 drive
trains (600 and 400 ms) with up to 3 extrastimuli
decremented to 200 ms (or ventricular refractory period)
from the right ventricular apex after the creation of the
activation map during SR. After the induction of VT,
sustained VT was mapped and ablation was performed with
the guidance of conventional activation and entrainment
mapping. Regardless of VT termination with ablation,
LAVA ablation was always subsequently performed with
the endpoint of LAVA elimination.13 Radiofrequency energy
was delivered using an irrigated 3.5-mm-tip ablation catheter
(Thermocool SF catheter, Biosense Webster, Diamond Bar,
CA), with a power of 35–50 W endocardially and 25–35 W
epicardially. Where LAVA could be discerned to follow a
distinct activation sequence on electroanatomical mapping
(EAM), the earliest signals were targeted first. After ablation,
the areas previously displaying LAVAwere remapped. In the
presence of residual LAVA, further radiofrequency ablation
was performed. At the end of the procedure, induction of
VT was repeated with programmed stimulation using the
same protocol as before ablation.

Post hoc analysis
The 3D EAM was merged on the MDCT geometries on the
Rhythmia system (Boston Scientific, Marlborough, MA)
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using identifiable anatomic reference points (superior vena
cava, inferior vena cava, left atrium, CS, aortic root, LV
apex, and mitral annulus [MA] [3, 6, 9, and 12 o’clock]) to
align both surfaces (Figure 1). The analyses were then per-
formed using custom-built software in MATLAB. On
MDCT data, a computed tomography (CT) channel was
defined according to the following 3 criteria, as shown in
Figure 2: (1) abnormal thickness (,5 mm), (2) thickness
on both edges thinner than that inside the channel, (3) length
longer than width.

CT channels were identified by a consensus of blinded
analyses by 3 trained physicians (1 radiologist and 2 electro-
physiologists). The contours of each CT channel were traced
on the CT geometry.

On electroanatomical maps, a VT isthmus was defined as
follows: (1) regions sequentially activated during the dia-
stolic phase of VT, (2) confirmed by entrainment pacing18

or direct termination during ablation on the site with the dia-
stolic potentials.

Additionally, the VT isthmus was divided into 3 portions
based on the local activation time in the activation map in the
present study; the first third of the diastolic phase is referred
to as the entrance (early diastolic phase), the second third as
the central isthmus (mid-diastolic phase), and the last third as
the exit (late diastolic phase). Isthmuses and nearby edge
zone areas were manually traced on the EAM geometry.

After registration, SR and VT maps, including electro-
physiological isthmus segmentations, were projected on
the CT geometry using a nearest-neighbor approach.
This allowed automated comparison between electrophys-
iological findings and wall thickness measurements. Wall
thickness and isthmus areas were directly compared with
LAVA distributions. The spatial correlation between

electrophysiological isthmuses and CT channels was
analyzed.

Statistical analysis
Categorical data were expressed as numbers and percentages.
Continuous data for normally distributed variables were
expressed as mean 6 standard deviation and non-normally
distributed data as median (25th–75th percentiles). Compar-
isons were performed with Student t test or Kruskal-Wallis
analysis. Logistic regression analysis was performed to eluci-
date the factors predictive of CT channels associated with VT
isthmuses. All tests were 2-tailed, and a P value of,.05 was
considered statistically significant.

Results
Patient characteristics and characteristics of CT
channels
The baseline characteristics of the 9 patients and CT channel
characteristics are shown in Tables 1 and 2, respectively.
Median (range) thickness was 2.4 (2.1–3.5) mm inside CT
channels and 1.6 (0.9–2.2) mm on their edges (P , .0001).
No channel was identified in regions thinner than 1 mm and
no edge region was identified in regions thicker than 4 mm.

VT activation mapping and ablation
The characteristics ofVT activationmaps are shown in Table 3.
VT was induced in all patients. In total, 32 different VTs (me-
dian 4 per patient) were observed, of which complete activation
maps were acquired in 10 (mean CL5 4296 77 ms). In 1 pa-
tient (patient 7), epicardial mapping was performed with a VT
isthmus, since neither diastolic potentials during VT nor
LAVAs during SR were observed endocardially. Median

Figure 1 Registration of computed tomography (CT) image on the 3-dimensional (3D) mapping system. Activation map acquired from the Rhythmia mapping
system is merged on the geometry with the multidetector computed tomography model off-line. Identifiable anatomic reference points (superior and inferior vena
cava, left atrium, coronary sinus, aortic root, left ventricular apex, and mitral annulus [3, 6, 9, and 12 o’clock]) were used as landmarks.
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length and width of VT isthmuses measured on the 3D EAM
were 386 15mm. All VTs were terminated by ablation orme-
chanically terminated on the VT isthmus except for 1, which
was overdrive-paced owing to poor hemodynamic tolerance.
Complete LAVA elimination was not achieved in 1 patient
(1/9, 11.1%) because of an extensive LAVA distribution.
Mean procedure and ablation times were 280 6 48 minutes
and 576 18 minutes, respectively.

CT thickness vs LAVA in SR
All but 1 patient (incessant VT) had a voltage map during the
sinus rhythm prior to VT induction and ablation. In a total of
35,217 points, 1070 (3.0%), 4164 (11.8%), 4615 (13.1%),
4277 (12.1%), 3173 (9.0%), and 17,918 (50.9%) points were
distributed in areas with WT of 0–1 mm, 1–2 mm, 2–3 mm,
3–4mm, 4–5mm, and normal thickness (WT.5mm), respec-
tively; out of these points, 336 (31.6%), 1113 (26.7%), 1358
(29.4%), 957 (22.4%), 475 (15.0%), and 922 (5.1%) showed
LAVA potentials, respectively. One patient had a maximal

proportion of LAVAs in 3–4 mm, 3 patients in 2–3 mm, 2 in
1–2 mm, and 2 in 0–1 mm.

CT thickness channels vs VT isthmuses
The relation between the wall thickness channels and VT
isthmuses are demonstrated in detail in the Supplement
table 1. Of the 10 VTs in which the VT circuit was fully char-
acterized by activation mapping covering an entire CL, all
VT isthmuses co-localized with CT channels. Out of the 41
CT channels identified in the population, 21 (51.2%) con-
tained diastolic potentials during VT, including 13 (31.7%)
with mid-diastolic potentials. These electrical VT isthmuses
went through a single CT channel in 3 (30%) VTs, 2 CT
channels in 2 (20%), 3 CT channels in 3 (30.0%), and 4
CT channels in 2 (20.0%) (Supplemental Table 1). However,
all entrance, central, exit part of the VT-isthmus was covered
by some of them. Therefore, channels defined by CT predict
involvement in a critical part of the VT circuit with a

Figure 2 Computed tomography (CT)-defined wall thickness channels. CT channels are defined according to 3 criteria: (1) abnormal thickness (, 5 mm), (2)
thickness on both edges thinner than that inside the channel, (3) length longer than width. (A) Multiple CT-channels (2-4 mm) are identified in the large anterior
scar. (B) Multiple CT-channels (1-3mm) between extremely thinned scar areas (,1mm) are distributed in the septal- to inferior-scar. (C) One discrete CT-channel
(2-4 mm) is observed between the severely thinned lateral scar (,2mm) and the mitral annulus. (D) Relatively thicker CT-channels (3-5 mm) are distributed in
severely thinned scar areas (, 2 mm).

Table 1 Patient characteristics (N 5 9)

Patient no. Age Sex Scar location EF Procedure no. HT DM DL Smoking ICD Beta-blocker Amiodarone

1 59 M Inferior, lateral 25 3 Y N Y Y Y Y Y
2 29 M Anterior, lateral 28 3 N N N N Y Y N
3 62 M Anterior, septal 30 1 Y N Y Cessation Y Y Y
4 75 M Inferior, septal 40 4 Y N Y Y Y Y Y
5 47 F Anterior, septal 31 1 N N N Y Y Y N
6 48 M Anterior, septal 30 2 N N Y Y Y Y Y
7 71 M Inferior, lateral 40 4 Y Y Y Cessation Y Y Y
8 68 M Inferior, septal 45 1 Y N Y Y Y Y N
9 72 F Inferior 36 1 N N Y Y Y Y Y

DL 5 dyslipidemia; DM 5 diabetes mellitus; EF 5 ejection fraction; HT 5 hypertension; ICD 5 implantable cardioverter-defibrillator; N 5 no; Y 5 yes.
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sensitivity of 100% and a positive predictive value of 51.2%
(Supplemental Table 2).

WT at the center of CT channels was always above 1 mm
(Supplemental Figure 1A). WT on CT channel edges was al-
ways less than 4 mm (Supplemental Figure 1B). Examples
of CT channels containing diastolic activity during VT are
shown in Figure 3A/Video 1 and Figure 3B/Video 2. Table 4
compares theCT channel characteristics between those hosting
diastolic activation during VT and those that did not. Univari-
ate analysis identified 3 significantmorphological predictors of
diastolic activation during VT, 2 of which remained indepen-
dent predictors on the multivariate analysis: longer CT chan-
nels (P 5 .04, odds ratio [OR] 1.05 [1.00–1.10]) and thinner
(but .1 mm) CT channels (P 5 .03, OR 0.36 [0.14–0.90]).
CT channels parallel to the MA was weakly associated
(P5 .07, OR 3.93 [0.89–17.42]). A WT at CT channel center
of 1–4 mm and a length.2 cm predicted an electrophysiolog-
ical VT isthmus with 86% sensitivity and 60% specificity. CT
channels implicated in VT also had a higher proportion of
LAVA, although the difference did not reach statistical signif-
icance (P 5 .09).

Outcome during follow-up
During a mean follow-up of 19.7 6 15.5 months, 2 patients
had VT recurrence (patients 3 and 6). In patient 3, the index
procedure failed to achieve complete LAVA elimination and
a post hoc analysis of CT channel vs VT isthmus showed that
some of the CT channels had not been completely transected.
During the redo procedure, a VT with a different morphology
from the index procedure was successfully mapped and
terminated at a site with a mid-diastolic potential correspond-
ing with 1 of the CT channels, although using a different exit
from the index VT. In patient 6, the index procedure ended
with a complete LAVA elimination. The post hoc analysis
of CT channel vs VT isthmus showed that all regions
matched to CT channels were well ablated. As endocardial
LAVAs were completely ablated in the index procedure, an
epicardial approach was prepared for the redo procedure.
The redo procedure identified 2 VTs with different morphol-
ogies from those observed during the index procedure, 1 of
which was mappable. The epicardial map demonstrated
mid-diastolic potentials at a site immediately opposite to
the CT channel identified on the endocardium and the VT
was terminated at this site. Residual epicardial LAVAs iden-
tified in this area were all eliminated and no endocardial abla-
tion was required. No recurrence was seen afterward in these
2 patients.

Discussion
This study is, to our knowledge, the first to compare the dis-
tribution of CT-defined anatomical channels with VT isth-
muses. The main findings are that (1) CT wall thickness
maps of the MI scar are feasible and identify CT channels;
(2) these CT channels are thin, with edges thinner by at least
1 mm; (3) electrical VT isthmuses co-localize with 1 or more
of the CT channels in 100%, and 50% of CT channelsTa
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correspond to VT isthmuses; (4) the CT channels hosting VT
isthmuses may have some morphological characteristics.

CT channel vs VT isthmus
In the present study, we found that all VT isthmuses used 1 or
2 CT channels and that 51.2% of CT-defined channels hosted
a VT isthmus (sensitivity of 100% and positive predictive
value of 51.2%) (Supplemental Table 2).

Previous reports have shown that the scar extent on late
gadolinium–enhanced CMR is significantly associated with
VT inducibility and prognosis in patients with structural
heart disease.19,20 In addition, scar transmurality, defined
as the ratio of postinfarct scar thickness to LV WT
has been associated with electrogram characteristics on
EAM.1–3,21,22 The utility of both MDCT and CMR in VT
ablation has been previously reported,7,23 and MDCT has
been shown to reliably identify areas of low voltage,

Table 3 VT and acute ablation result

Patient
no.

No. of
induced VT

No. of
mapped VT Morphology

VT
CL, ms

Mapped VT,
no. of points Loop

Isthmus parallel
to the MV

VT
termination

Endpoint (LAVA
elimination)

Post-RF
inducibility

1 4 1 RBBB 508 10,546 Dual Y Y Complete N
2 7 1 RBBB 275 5875 Dual Y Y* Complete N
3 6 2 (VT1) RBBB 393 5233 Single N Y* Partial Rapid VT

(200bpm)
(VT2) RBBB 446 12,397 Dual N Y

4 1 1 RBBB 458 8368 Single Y Y Complete N
5 2 1 LBBB 379 890 Dual Y N Complete N
6 2 1 LBBB 521 4040 Dual N Y Complete N
7 1 1† LBBB 410 53,085 Dual Y Y Complete N
8 5 1 RBBB 426 9151 Dual Y Y* Complete N
9 4 1 RBBB 492 6530 Single Y Y Complete Not tested

CL 5 cycle length; LAVA 5 local abnormal ventricular activity; LBBB 5 left bundle branch block; RF 5 radiofrequency; RBBB 5 right bundle branch block;
VT 5 ventricular tachycardia.
*Mechanical termination on the VT isthmus.
†VT using an epicardial circuit.

Figure 3 Computed tomography (CT) channels vs ventricular tachycardia (VT) activation map. VT activation map was merged on the wall thickness (WT)
map in (A) and (B). A: Clinical monomorphic VT in 59-year-old man with inferolateral infarction. One CT channel covered diastolic activation as shown in 3
electrograms (EGMs), where CT channel is composed of 2–4 mmWT areas bordered by severely thinned areas (,2 mm). VT was terminated during ablation in
this location, and the same VT was not induced after ablation at this site. B: Recurrent monomorphic VT in 71-year-old man with inferolateral infarction. Com-
plete local abnormal ventricular activity elimination with noninducibility was achieved endocardially at the previous session. CT channel corresponded with
epicardial VT isthmus showed a WT of 2–4 mm bordered by severely thinned scar (,2 mm) area and anatomical obstacle (MA 5 mitral annulus). Epicardial
EGMs on the isthmus are shown in the figure.
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identified using a 3D mapping system.7,23 The present study
provides the further possibility that CT-WT channels can be
used to identify the VT isthmus with high sensitivity. In post-
MI scar, the thinnest parts (channel edges) are likely to have
no or very few surviving bundles. They could therefore act as
zones of block, or pseudo-block owing to relatively slower
transverse conduction, whereas the relatively thicker chan-
nels between the thinnest areas may host residual slowly con-
ducting bundles.

Although MDCT may identify VT isthmuses, it does not
identify whether the channel should be approached from the
endocardium vs the epicardium. In patient 6, all the preproce-
dure CT channels appeared to have been ablated using the
conventional approach, yet the patient had VT recurrence
requiring an epicardial approach. Further, in patient 7, VT
with an epicardial isthmus was observed even though no
LAVAswere identified endocardially. Although the endocar-
dial approach is usually sufficient post myocardial infarction,
an epicardial approach may be also taken into consideration
for redo procedures where transection of all channels was
achieved in the index procedure.

CT channel characteristics more associated with
mapped VT isthmuses
As some rapid or unstable VTs were not successfully map-
ped, we were unable to demonstrate a relationship between
the VT isthmuses and CT channels in these VTs. Neverthe-
less, some morphological characteristics were statistically
associated with mapped VT isthmuses. Thinner, longer chan-
nels and channels parallel to the MA were more frequently
functional (associated with a mapped VT isthmus). However,
even long CT channels are not systematically predictive of
VT isthmuses, particularly in thicker tissue. This observation
fits well with another observation in our study, that LAVAs
are much less frequent when wall thickness is above 4 mm.
In these regions, myocardium is healthier, most likely associ-
ated with more normal conduction properties, and therefore
less likely to participate in a VT isthmus. These morpholog-
ical characteristics may be useful to guide ablation of the
higher-risk CT channels. However, more data should be
collected; although the channel morphologies were different
between those supporting VT and those not, there was still
significant overlap between groups. The association between

VT isthmuses and channels parallel to the MA requires
further corroboration owing to the weak statistical signifi-
cance and lack of a theoretical explanation for the finding,
although one could speculate that channels bordered by basal
scar and the MA support VT more frequently because the
MA is a complete anatomical insulator. This is of major
importance as we cannot rule out that some CT channels
are functional VT isthmuses for VTs that were simply not
induced in this study. A practical approach (aiming at the
best single-procedure success rate) could target all CT chan-
nels in order to ensure the most comprehensive ablation of the
VT substrate.

Relationship between wall thickness and LAVAs
The present study also describes the distribution of LAVAs in
the scar area using a high-resolution mapping system. A total
of 20%–30% of all points in the WT !4 mm had LAVAs.
Indeed, LAVAs were overall most frequently identified in
the thinnest WT area (0–1 mm). However, individually,
LAVA distribution was highest in this thinnest area only in
2 patients, and CT channels used as VT isthmus were never
found in these thinnest regions. These results suggest that
LAVA distribution in the thinnest areas (,1 mm) may not
be associated with the maintenance of VT despite the high
prevalence of LAVAs. Although complete LAVA elimina-
tion is associated with better outcomes,12 LAVA elimination
in the thinnest areas may not always be necessary to avoid VT
recurrence (at least in slow VT mapped in the present study).
Although more detailed characteristics of LAVA such as
voltage and/or delay may be associated with the maintenance
of VT, LAVA distribution in SR itself may be not enough to
narrow the ablation target.

Clinical implications
CT scans are easy to obtain, reproducible from center to cen-
ter, and of very consistent quality, allowing for high spatial
resolution assessment of the post-MI scar. Wall thickness
maps describe CT channels that host 100% of VT isthmuses.
This information—available before the procedure—refines
the substrate definition, is highly sensitive, and could be
more specific than the 3D EAM of the substrate. By
providing more specific and clearly defined ablation targets,
this preprocedural diagnostic phase could help the operator to

Table 4 CT channel characteristics associated with VT isthmuses

CT channel characteristics
Not hosting diastolic activity
during VT (n 5 20)

Hosting diastolic
activity during VT (n 5 21)

Univariate
P value

Multivariate
P value OR (95% CI)

Length, mm 21.2 (17.3–36.8) 33.2 (25.7–43.0) .036 .04 1.05 (1.00–1.10)
Width, mm 9.0 (6.7–16.5) 11.5 (7.8–15.5) .35
Area, cm2 1.49 (1.00–1.75) 1.69 (1.17–2.55) .3
Parallel to the MA, n (%) 8 (40.0%) 16 (76.2%) .027 .07 3.93 (0.89–17.42)
Isthmus central thickness, mm 2.7 (2.3–3.7) 2.2 (1.9–2.9) .042 .03 0.36 (0.14–0.90)
Isthmus edge thickness, mm 1.9 (0.9–2.6) 1.4 (0.9–1.7) .21
Distribution of the LAVA on the
channel, %

13.2 (5.7–42.2) 38.6 (14.8–57.4) .09

Length, width, area, isthmus central thickness, isthmus edge thickness, and LAVA distribution are all described as median (25th–75th percentiles).
CT 5 computed tomography; LAVA 5 local abnormal ventricular activity; MA 5 mitral annulus; VT 5 ventricular tachycardia.
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 1938  

use a more focused ablation strategy and shorten traditionally
long VT ablation procedures.

Study limitations
The first limitation of the present study is that not all VTs
were mappable, and therefore the VTs mapped may not be
representative of the whole population of VTs. VTs were
not always sufficiently stable or tolerable for complete map-
ping. However, sufficient mapping data were acquired per
patient and CT channel to allow for valid statistical analyses.
Another limitation is related to the potential misregistration
between imaging and electroanatomical mapping geometries.
This aspect was partly addressed by using state-of-the-art tech-
nologies embedded in 3D EAM, and did not prevent identifi-
cation of matching CT channels and VT isthmuses. However,
the geographical compatibility between the CT image and 3D
EAM should be prospectively examined. Third, although the
concept is likely to be similar in faster or unstable VTs, this
is not proven, as the findings are derived from stable slower
VTs. Also, the applicability to nonischemic VTs requires
further assessment, as the mechanism and distribution of scars
(substrates) are different. Fourth, especially in patients with
ICD storm or incessant VTs, renal dysfunction may prevent
contrast CT acquisition and therefore may limit generaliz-
ability of these results to sicker patients with VT. Finally,
the efficacy and safety should be compared with a standard
ablation strategy.

Conclusion
CT scan wall thickness maps identify CT channels that host
VT isthmuses consistently. Half of the CT-defined channels
are associated with the critical isthmus of mapped VT. If
not all CT channels are functional VT isthmuses, perhaps
owing to VT noninducibility, longer and thinner (but .1
mm) CT channels parallel to the mitral annulus are more
frequently associated with VT isthmuses. The integration
of these 3Dmodels describing clear and focused targets could
help to shorten VT ablation procedures, and potentially
improve outcomes, but the clinical impact of this approach
needs to be tested in further prospective trials.

Appendix
Supplementary data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.2019.
06.012.
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6-3.Ablation of CT-derived wall thickness channels in post-infarction ventricular tachycardia: 1939  

comparison to conventional LAVA elimination strategy. 1940  

 1941  
Background and purpose 1942  
From the result of the second study (Chapter 6-2), we have proved that the CT-derived channels are associated with 1943  
VT-isthmuses. For VT ablation, LAVA elimination has been used as a standard strategy in our institution. Although 1944  
LAVA elimination is an effective VT ablation strategy, it is lengthy and poorly standardized. Based on these facts, we 1945  
hypothesized that CT-derived wall thickness channels ablation strategy may be more specifically target the potential 1946  
VT isthmuses and may shorten the procedure time with a similar outcome from the conventional LAVA elimination 1947  
strategy in ischemic VT. The endpoint of CT-channel ablation is loss of local capture on the CT-channels, whereas 1948  
that of LAVA ablation is complete elimination of LAVA potentials as described in the Figure 6-3-1. We aimed to 1949  
prove this. 1950  
Methods and results 1951  
Of 214 consecutive patients received CA for ischemic VT between 2010 and 2017, 25 patients were treated with a 1952  
CT-channel based ablation strategy. 25 patients treated with LAVA elimination were matched in a 1:1 ratio based on 1953  
propensity scores with similar characteristics (age, gender, LVEF, risk factors, therapies, arrhythmia burden, catheter 1954  
mapping techniques), which resulted in two balanced groups of 25 patients each. Outcome, procedure time, 1955  
fluoroscopy time, complication rate, were compared between these two groups. 1956  

 1957  

Figure 6-3-1. Endpoint of LAVA guided ablation and CT-channel guided ablation 1958  
 1959  
Acute results are summarized in the following the Table 6-3. Median total mapping time was 12.0 minutes in CT-1960  
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ablation group, which was significantly shorter than that in LAVA-ablation group (median 61.5min, P<0.0001.). 1961  
Although ablation time was similar between two groups (median 30 [23-45] min in CT-ablation group vs median 39 1962  
[22-54]min in LAVA-ablation group, P=0.34), procedure time was remarkably shorter in CT-ablation group (190 1963  
[165-215] min) compared to the LAVA-ablation group (255 [230-300], P<0.0001). CT-ablation reduced the median 1964  
procedure time by 25%. Complication rate was similar between the two groups (one cardiac tamponade in LAVA-1965  
ablation group, and one stroke in CT-ablation group.) 1966  

 1967  

Table 6-3. Comparison of Procedural characteristic and acute results 1968  
 1969  
VT-recurrence at 1 year was observed in 5/25 (20.0%) in the LAVA-ablation group and 6/25 (24.0%) in the CT-1970  
ablation group (P=1.0000). VT-recurrence free survival rate was similar between the two group (P=0.62) as described 1971  
in the Figure 6-3-2.  1972  
 1973  
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 1974  

Figure 6-3-2. Follow-up after the VT-ablation 1975  
 1976  
Summary and conclusion 1977  
Complete LAVA elimination was frequently not achieved in the CT-ablation group, but post-ablation VT 1978  
inducibility and VT-recurrence rate at 1 year were similar between two groups. Substrate-based ablation targeting 1979  
CT-defined channels shortens VT ablation procedures by over 20% with similar outcomes as compared to the 1980  
conventional strategy targeting the electrophysiological substrate.  1981  
 1982  
 1983  
Manuscript is in submission 1984  
 1985  
Ablation of CT-derived wall thickness channels in post-infarction ventricular tachycardia: comparison to 1986  
conventional LAVA elimination strategy 1987  
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7. Summary and perspective 2015  
 2016  
Throughout the thesis, I have described the current developments in mapping techniques and modalities. I have 2017  
especially focused on the impact of high-resolution/high-density mapping systems, novel multipolar catheters, and 2018  
image information for clinical use.  2019  
In chapter 4, using an infarcted animal model, it is demonstrated that EGMs are strongly influenced by interelectrode 2020  
spacing, activation orientation, and electrode sizes. Therefore, these factors should significantly affect the substrate 2021  
distributions. The substrate of interest may be changed by these elements. If the inter-electrode spacing is too small, 2022  
then bipolar electrodes may miss the intramural substrate, which may be away from the catheter. If the inter-electrode 2023  
spacing is too large, then bipolar electrodes may miss the subendocardial substrates because of a far-field effect. The 2024  
relationship between the activation front and the bipolar orientation may mask or unmask the substrates. Because it 2025  
becomes more difficult to manually validate and annotate all EGMs in the era of high-density mapping, new 2026  
technology to automatically select the correct point out of multiple points may be required to reduce unnecessary 2027  
acquisition time and data volume. 2028  
In chapter 5, the impact of using a novel 3D EAM system, RhythmiaTM, is demonstrated. With this new mapping 2029  
tool, which generally has higher density and higher resolution compared to conventional mapping systems, the AT 2030  
mechanism and accurate circuit of the tachycardia can be displayed more easily and clearly. Very few studies 2031  
discussing the mechanism of scar-related ATs have been published in the past 5 years. We have not been able to 2032  
observe the mechanism of scar-related ATs in detail because of the lower resolution of the mapping system and 2033  
catheters. We expect to clarify the impact of using this high-resolution mapping system on the clinical outcomes. 2034  
However, for better outcomes of AT ablation, not only a mapping system but also catheter technology to create 2035  
durable and transmural lesions should be discussed, which is not examined in this thesis. Even if the mechanism and 2036  
circuit of ATs are correctly diagnosed with the high-resolution mapping system, the clinical outcomes may not be 2037  
improved if the catheter technology is not optimal. Lesions may be influenced by multiple factors such as electrode 2038  
size, contact direction, contact force, RF duration, RF power, stability, and tissue characteristics. Recent catheters 2039  
have a formula to unite these parameters and objectively assess the lesion104–107. The impact of this technology should 2040  
be elucidated. New power sources108–111 may dramatically change ablation outcomes, which may overcome the 2041  
effects of mapping technology. 2042  
In chapter 6, the relationship between wall thickness distribution on CT imaging and substrate mapping using the 3D 2043  
EAM for ICM patients was described. It was also demonstrated that CT channel ablation may provide similar safety 2044  
and outcomes compared to LAVA ablation. The use of preprocedural imaging has several advantages, and image 2045  
information registered on the 3D EAM may strongly support the ablation procedure, especially in VT. Peri-procedural 2046  
3D rotational angiography could also be helpful for improving the merging of images. A novel wideband LGE-MRI 2047  
technique seems promising for device artifact removal in ICD patients, with its efficacy depending on the distance 2048  
from the device to the LV112. Late iodine-enhanced multidetector CT has the potential to improve scar imaging in 2049  
ischemic VT patients with ICDs in whom LGE-MRI is still considered strongly contraindicated113,114. Learning using 2050  
artificial intelligence may result in the automatic detection of potential VT isthmuses. Finally, prospective studies 2051  
including randomized groups should be performed to demonstrate the superiority of guided imaging ablation and to 2052  
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possibly show a prognostic benefit conferred by using these imaging modalities.  2053  
2054  
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