MD Ghassen Cheniti 
  
PhD Stephane Puyo 
  
MD Claire A Martin 
  
MD Antonio Frontera 
  
MD Konstantinos Vlachos 
  
MD Masateru Takigawa 
  
MD Felix Bourier 
  
MD Takeshi Kitamura 
  
MD Anna Lam 
  
PhD Carole Dumas-Pommier 
  
PhD Xavier Pillois 
  
MD Thomas Pambrun 
  
MD Josselin Duchateau 
  
MD Nicolas Klotz 
  
MD Arnaud Denis 
  
MD Nicolas Derval 
  
MD Hubert Cochet 
  
MD Frederic Sacher 
  
PhD Remi Dubois 
  
MD Pierre Jais 
  
MD Meleze Hocini 
  
MD Michel Haissaguerre 
  
Noninvasive Mapping and Electrocardiographic Imaging in Atrial and Ventricular Arrhythmias (CardioInsight)

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction:

Electrocardiographic imaging (ECGI) is a mapping technique aiming to non-invasively characterize cardiac electrical activity. This approach uses signals collected from the torso to reconstruct epicardial potentials. Its efficacy has been demonstrated in a wide variety of clinical scenarios ranging from the mapping of premature ventricular complexes (PVCs) and accessory pathways to the mapping of complex arrhythmias including atrial and ventricular fibrillation [START_REF] Shah | Non-invasive Mapping of Cardiac Arrhythmias[END_REF][START_REF] Frontera | Frontiers in non-invasive cardiac mapping: future implications for arrhythmia treatment[END_REF]. This approach allows guidance of catheter ablation and offers a unique opportunity to better understand the mechanism of cardiac arrhythmias. We review in this chapter the basics of ECGI, the different fields where it has proven efficient and finally discuss the limitations of this approach.

Principles of non-invasive mapping

Research related to non-invasive mapping commenced several decades ago, involving purely analytical studies [START_REF] Rudy | The effects of variations in conductivity and geometrical parameters on the electrocardiogram, using an eccentric spheres model[END_REF][START_REF] Figuera | Regularization Techniques for ECG Imaging during Atrial Fibrillation: A Computational Study[END_REF][START_REF] Svehlikova | Geometrical constraint of sources in noninvasive localization of premature ventricular contractions[END_REF], torso tank [START_REF] Oster | Noninvasive electrocardiographic imaging: reconstruction of epicardial potentials, electrograms, and isochrones and localization of single and multiple electrocardiac events[END_REF][START_REF] Oster | Electrocardiographic imaging: Noninvasive characterization of intramural myocardial activation from inverse-reconstructed epicardial potentials and electrograms[END_REF][START_REF] Shome | Simultaneous High-Resolution Electrical Imaging of Endocardial, Epicardial and Torso-Tank Surfaces Under Varying Cardiac Metabolic Load and Coronary Flow[END_REF][START_REF] Ramanathan | Electrocardiographic imaging: II. Effect of torso inhomogeneities on noninvasive reconstruction of epicardial potentials, electrograms, and isochrones[END_REF][START_REF] Bear | Cardiac electrical dyssynchrony is accurately detected by noninvasive electrocardiographic imaging[END_REF] and large animal models [START_REF] Liu | Noninvasive mapping of transmural potentials during activation in swine hearts from body surface electrocardiograms[END_REF][START_REF] Cluitmans | In Vivo Validation of Electrocardiographic Imaging[END_REF][START_REF] Bear | How Accurate Is Inverse Electrocardiographic Mapping? A Systematic In Vivo Evaluation[END_REF], followed by application in humans [START_REF] Ghanem | Noninvasive electrocardiographic imaging (ECGI): comparison to intraoperative mapping in patients[END_REF][START_REF] Haissaguerre | Driver domains in persistent atrial fibrillation[END_REF][START_REF] Haissaguerre | Localized Structural Alterations Underlying a Subset of Unexplained Sudden Cardiac Death[END_REF]. Mathematically, ECGI solves the inverse problem of electrocardiography that aims to locate on the epicardium the source of a signal recorded on the torso [START_REF] Cluitmans | Validation and Opportunities of Electrocardiographic Imaging: From Technical Achievements to Clinical Applications[END_REF][START_REF] Rudy | The inverse problem in electrocardiography: solutions in terms of epicardial potentials[END_REF][START_REF] Barr | Relating epicardial to body surface potential distributions by means of transfer coefficients based on geometry measurements[END_REF]. Briefly, a 252-electrode vest is applied to the patient's torso and connected to the system (ECVue, Cardioinsight Technologies Inc, Cleveland, OH). A high-resolution non-contrast computed tomography (CT) scan is then performed, allowing the definition of cardiac anatomy and the position of each electrode on the torso. Atrial and/or ventricular geometry are then reconstructed to obtain a three-dimensional (3D) mesh. This model serves for the projection of unipolar signals represented by virtual nodes of the epicardial surface. The collected signals are post processed using mathematical reconstruction algorithms [START_REF] Messinger-Rapport | The Inverse Problem in Electrocardiography: A Model Study of the Effects of Geometry and Conductivity Parameters on the Reconstruction of Epicardial Potentials[END_REF][START_REF] Ramanathan | Noninvasive electrocardiographic imaging for cardiac electrophysiology and arrhythmia[END_REF] to create different maps, including activation maps, voltage maps, isopotential maps and phase maps. Activation maps are computed using intrinsic deflection-based methods from unipolar electrograms (maximal dV/dT). Phase is calculated at each node using a dedicated Hilbert transform. The system uses reconstructed signals to calculate the phase of each signal ranging between -π and π. The intersection between the depolarization and the repolarization isolines defines phase singularities [START_REF] Gray | Spatial and temporal organization during cardiac fibrillation[END_REF]. Phase mapping allows identification of focal breakthrough, where activation starts from a discrete point and has a centrifugal spread, and reentry, where a wavefront rotates on itself within a localized area. It is important to note that ECGI uses a standardized workflow (Figure 1) where each step is critical for the following ones. It is essential to ensure optimal workflow to acquire accurate results.

Atrial arrhythmias

 Atrial fibrillation

Recent research has demonstrated that atrial fibrillation (AF) is mainly driven by localized sources, including focal and anatomical or functional reentries [START_REF] Cheniti | Atrial Fibrillation Mechanisms and Implications for Catheter Ablation[END_REF]. These sources are typically unstable and dynamic, which dramatically affects the results of point by point The effects of antiarrhythmic drugs were assessed in a group of 13 patients who underwent ablation for PsAF [START_REF] Amraoui | 209-05: Does flecainide pre-treatment helps to identify the most important players?[END_REF]. ECGI recordings were acquired before and after infusion of flecainide. Flecainide infusion reduced the number of regions that hosted reentrant activity (from 7 to 4 regions, p< 0.001). Importantly, AF terminated to sinus rhythm in 11 cases, involving targeting the regions remaining after flecainide infusion in 9/11 cases. This result suggests that anti arrhythmic drugs select more stable and important regions that sustain AF. Similarly, amiodarone was used in patients with structural heart disease and PsAF, and resulted in AF termination with a shorter duration of radiofrequency [START_REF] Cheniti | 216-28: Electrophysiological effects of amiodarone in patients with persistent atrial fibrillation[END_REF]. In our practice, an antiarrhythmic drug is used before ablation for PsAF in order to limit the effects of the electrical remodeling.  Atrial tachycardia  ECGI can locate the source of focal atrial tachycardias (ATs). Wang et al [START_REF] Wang | Focal atrial tachycardia after pulmonary vein isolation: noninvasive mapping with electrocardiographic imaging (ECGI)[END_REF] successfully used ECGI to locate the origin of a left focal AT close to the septum. The site was confirmed by invasive mapping by recording diastolic potentials 58ms before the onset of the P wave. Local ablation terminated the tachycardia. Several more cases have reported the usefulness of ECGI in patients with focal atrial tachycardias [START_REF] Yamashita | High-density contact and noninvasive mapping of focal atrial tachycardia: Evidence of dual endocardial exits from an epicardial focus[END_REF].  In addition, ECGI can also help characterize macroreentrant AT. Wang et al [START_REF] Wang | Noninvasive electrocardiographic imaging (ECGI) of scar-related atypical atrial flutter[END_REF] used ECGI to characterize an atypical flutter that developed in a patient with a previous COX-MAZE surgical procedure.  Shah et al. [START_REF] Shah | Validation of novel 3-dimensional electrocardiographic mapping of atrial tachycardias by invasive mapping and ablation: a multicenter study[END_REF] A dominant ventricle, hosting more than 50% of activities, was identified in 9 patients while the rest demonstrated biventricular distribution of the fibrillatory activities (Figure 4). Abnormal electrograms lasting ≥70ms and ≥3 spikes were seen in 15/24 patients (62.5%). These electrograms were predominantly located on the epicardium of the right ventricle; they were arranged in a confluent pattern and covered a limited surface area (13 ± 6 cm2), representing 5 ± 3% of the total ventricular surface area. They colocated with the driver regions in 76% of cases (p < 0.001) (Figure 5). The 9 patients without structural alterations had a high incidence of Purkinje triggers (7/9 

 Premature Ventricular Complexes (PVCs) and ventricular tachycardia (VT)

 ECGI has proven to be efficient in locating the origin of PVCs [START_REF] Jamil-Copley | Noninvasive electrocardiographic mapping to guide ablation of outflow tract ventricular arrhythmias[END_REF][START_REF] Cakulev | Confirmation of novel noninvasive high-density electrocardiographic mapping with electrophysiology study: implications for therapy[END_REF]. This role is particularly useful in patients with infrequent or transient PVCs and allows optimal scheduling of the procedure (Figure 6 and7)  Cakulev et al [START_REF] Cakulev | Confirmation of novel noninvasive high-density electrocardiographic mapping with electrophysiology study: implications for therapy[END_REF] 8). Gosh et al [START_REF] Ghosh | Cardiac memory in patients with Wolff-Parkinson-White syndrome: noninvasive imaging of activation and repolarization before and after catheter ablation[END_REF] used ECGI to map 14 patients with a Wolff Parkinson White syndrome. All AP locations were correctly identified by ECGI, corresponding to the site of successful ablation. AP were left lateral in 5 cases, posteroseptal in 4 case, right posteroseptal in 2 cases, mid septal in 1 case, right posterior in 1 case and epicardial within a coronary sinus diverticulum in 1 case. Gosh et al. also reported successful AP ablation guided by ECGI in patients with structural heard disease, including congenital heart disease with univentricular heart [START_REF] Ghosh | Noninvasive electrocardiographic imaging (ECGI) of a univentricular heart with Wolff-Parkinson-White syndrome[END_REF], hypertrophic cardiomyopathy [START_REF] Ghosh | Hypertrophic cardiomyopathy with preexcitation: insights from noninvasive electrocardiographic imaging (ECGI) and catheter mapping[END_REF] and Ebstein anomaly [START_REF] Ghosh | Noninvasive electrocardiographic imaging (ECGI) of epicardial activation before and after catheter ablation of the accessory pathway in a patient with Ebstein anomaly[END_REF]. Data from our laboratory (47) reported a patient with a right malignant accessory pathway and multiple failed ablation procedures. The combination of ECGI and high resolution CT scan identified a right atrial diverticulum where the AP was located and facilitated catheter ablation.

Limitations of ECGI

Non-invasive mapping has some limitations that should be considered to obtain optimal results. Cardiac signals are attenuated while crossing the thorax, leading to "blurred vision" by the recording electrode on the torso. Subsequently, the recorded signals by each electrode on the torso represent the average of multiple signals. ECGI solves the inverse problem in electrocardiography [START_REF] Rudy | Noninvasive electrocardiographic imaging of arrhythmogenic substrates in humans[END_REF][START_REF] Tikhonov | Solution of Ill-Posed Problems[END_REF], but this may lead to even small errors in the signals measured on the torso (measurement noise, electrode position...) resulting in very large errors in the reconstruction of the epicardial signals.

Performing activation mapping may have limitations that are demonstrated in a recent study performed by Duchateau et al [START_REF] Duchateau | Performance and limitations of noninvasive cardiac activation mapping[END_REF]. The authors evaluated the accuracy of activation maps acquired by automatic processing of the system in 55 patients and compared them to epicardial maps collected in the same patients. They concluded that the correlation between ECGI and invasive epicardial mapping was poor, as attested by the recording of fewer epicardial breakthroughs and the creation of false epicardial lines of block in areas of low voltages. Remapping, performed manually thereafter, successfully identified the epicardial breakthroughs with a mean > 2 breakthroughs per patient. In addition, areas with low voltage and septal signals represent a major limitation of this mapping technique and should be analyzed with caution. However, the correlation between ECGI and invasive mapping was good in patients with a wide QRS, either paced or due to bundle branch block. This technique can therefore be used for better selection of candidates for cardiac resynchronization [START_REF] Ploux | Noninvasive electrocardiographic mapping to improve patient selection for cardiac resynchronization therapy: beyond QRS duration and left bundle branch block morphology[END_REF].

Phase mapping have some limitations [START_REF] Umapathy | Phase mapping of cardiac fibrillation[END_REF][START_REF] Nair | Intramural activation during early human ventricular fibrillation[END_REF]. First, this technique uses reconstructed signals which should be of good quality for better calculation. The presence of noise may induce some errors during the reconstruction. It is important to note that reentrant activities identified by the system do not preclude the presence of a "rotor", as has been electrophysiologically described by optical mapping [START_REF] Pandit | Rotors and the dynamics of cardiac fibrillation[END_REF]. It identifies areas of complex activity surrounded by signal covering all the arrhythmia cycle length, suggesting the presence of a reentrant activity without specifying its mechanism (Figure 9). To overcome these problems, local signals are checked manually to demonstrate the presence of a QS pattern for focal breakthrough and the presence of signals covering all the arrhythmia cycle length for reentrant activities.

Conclusion

ECGI is a non-invasive mapping technique that has been proven efficient in treating and understanding the mechanisms of a wide variety of atrial and ventricular arrhythmias. An optimal workflow is mandatory to obtain optimal results. Signals recorded by the system and included in the calculation should be checked manually to avoid some errors related to automatic processing. Signals of good quality and high amplitude provide maps with the highest accuracy. Further research aiming to record signals of high quality, better understand cardiac activation (eg, septal activation, Purkinje fiber activation), better correlate the maps to the underlying mechanism can improve the accuracy of ECGI. 
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 123 Figure 1: ECGI workflow. A 252-electrode vest is applied to the patient's torso (A). A highresolution non-contrast computed tomography scan is then performed (B), allowing the definition of cardiac anatomy (C) and the position of each electrode on the torso (D). The collected signals are post processed using mathematical reconstruction algorithms (E-F) and projected on the cardiac surface (G)
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 456 Figure 4: Non-invasive mapping in a 59-year-old woman with recurrent idiopathic ventricular fibrillation (VF) showing the dominant role of the left ventricle. A: Normal 12 lead ECG. B: VF induced by programmed ventricular stimulation from the right ventricle (RV). C: Phase mapping identifies a cluster of reentrant activity located at the infero-basal left ventricular wall. This area was consistently identified in two episodes of VF and was targeted by endocardial ablation with a good outcome. LAD: Left anterior descending. (From Frontera A, Cheniti G, Martin CA, Takigawa M, Duchateau J, Puyo S, et al. Frontiers in noninvasive cardiac mapping: future implications for arrhythmia treatment. Minerva cardioangiologica. 2018;66(1):75-82; with permission.)

Figure 7 :

 7 Figure 7: Twelve lead ECG and activation maps of spontaneous premature ventricular complexes (PVCs) in a 30 year old. male. PVCs. The PVC initiating ventricular fibrillation (VF) has a similar morphology (right map) as the previous PVC (left map) with subtle changes in the precordial leads (V2-V3). The PVC initiating VF is located at the anteroapical right ventricle (white star) that was targeted by ablation. LAD: Left anterior descending.
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 8 Figure 8: Twelve lead ECG (A) showing a posteroseptal pathway. Mapping of the delta wave (B) locates the ventricular insertion at the base of the interventricular septum (C). Local signals show a QS pattern with an early local activation (D).

Figure 9 :

 9 Figure 9: Electrograms at the sites of reentrant activities show complex activities while signals in the remaining atria are organized. Right atrial signals are checked manually, confirming the presence of a local reentry with signals covering all atrial fibrillation cycle lengths. LA, left atrium; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; RA, right atrium; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein. (From Cheniti G, Vlachos K, Pambrun T, Hooks D, Frontera A, Takigawa M, et al. Atrial Fibrillation Mechanisms and Implications for Catheter Ablation. Front Physiol. 2018;9:1458; with permission.)

  

  

  

  

  mapping.  Particularities of non-invasive mapping during AF Atrial signals are of lower amplitude compared to ventricular signals. During AF, they are collected between the end of the T wave and the beginning of QRS. Pauses exceeding 1000ms are included in the analysis. The number of windows can be chosen at operator discretion. This analysis can be performed before the procedure. Intravenous diltiazem is infused in patients with rapid ventricular rates, in the absence of left ventricular dysfunction. Cumulative maps are used to locate the areas of focal breakthrough and reentrant drivers.  Results of non-invasive mapping Cuculich et al. (24) first used ECGI to evaluate the mechanisms and complexity of AF in 26 patients. The authors analyzed paroxysmal and persistent AF episodes.

	The spatial accuracy for determining different pacing sites was 6 ± 4 mm.
	Multiple wavelets (defined as contiguous areas of epicardial activation lasting ≥5
	ms) were the most predominant pattern, representing 92% of fibrillatory activity.
	Rotor activity was present in 15% of cases, only in patients with non-paroxysmal
	AF. The authors defined a complexity index as the sum of the number of wavelets
	and focal activities and showed an increased complexity correlating with duration
	of AF (Figure 2)
	Data from our laboratory (15) reported the results of 103 patients with persistent
	AF (PsAF). Analysis of cumulative windows of 9 ± 1 s of AF was performed using
	phase mapping. Focal and reentrant activities were the main mechanisms
	identified by ECGI. AF complexity increased with AF duration, being driven by two
	to three regions during the first months and becoming bi-atrial in PsAF of longer
	duration. Reentrant drivers were located in the pulmonary vein (PV) antra and
	surrounding structures, the left atrial appendage and septum in nearly all the
	cases. Focal breakthroughs arose predominantly from the PV ostia and left and
	right appendages.
	In the prospective AFACART study (25), ECGI was used to guide ablation in 118
	patients with PsAF lasting <1 year. Reentrant activities were recorded in all
	patients and were more frequently located around the PVs, at the anterior
	interatrial groove and the posterior and inferior left atrium. Focal breakthroughs
	were mapped in 95% of the cases and were more commonly located in the PVs
	and both appendages. Ablation strategy consisted in targeting driver areas
	identified by ECGI, followed by pulPV isolation and finally by linear ablation if the
	AF persisted. Driver-only ablation resulted in AF termination in 64% of cases after
	a mean radiofrequency time of 46 ± 26 min; additional PVI and left atrial lines
	increased the success rate to 72%.
	Lim et al (26) prospectively recruited 105 consecutive patients referred for
	ablation of PsAF, including 32 patients in sinus rhythm, 45 patients with AF
	duration <12months and 28 patients in AF for >12months. Phase mapping was
	used to characterize the AF complexity in each group. AF complexity significantly
	increased between the different groups, as attested by an increase in the number
	of reentries and focal activities and the number of regions harboring reentrant
	activities. ECGI guided AF termination was 70%, being lowest in patients with
	longest AF duration.

Figure 3)

  the definition of areas with abnormal epicardial signals during sinus rhythm, and the analysis of each VF episode using windows of different durations chosen at operator discretion. All abnormal signals and areas of interest identified by the system are checked during extensive biventricular and epicardial invasive mapping.

	o Mapping and ablation of idiopathic VF (IVF)
	In a recent study, Haissaguerre et al (16) demonstrated that almost 2/3 of
	patients with IVF have subclinical localized structural alterations. The
	authors evaluated 24 patients (mean age 29 years) who survived IVF. They
	characterized VF drivers during the initial 5 seconds of spontaneous or
	induced VF. In addition, they performed high density endocardial and
	epicardial biventricular mapping during sinus rhythm to identify
	subclinical substrates focusing on VF driver areas. A decapolar catheter
	was used to map the endocardium of the right and left ventricles, while
	20-pole catheters with 2mm inter-electrode spacing (Pentaray,
	BiosenseWebster, CA; Lasso, BiosenseWebster, CA) were used for
	biventricular epicardial mapping.
	A total of 19 VF episodes were analyzed. The mean VF cycle length was
	183 ± 23ms including 28 ± 3 VF cycles. A mean of 2.8 ± 0.7 activities
	(including focal and reentrant activities) were recorded per cycle, being
	reentrant in 87% and focal in 13%.
	Ventricular arrhythmias
	 Ventricular fibrillation
	VF is a major a cause of sudden death that may result from a range of cardiac
	diseases. Patients who survive after sudden cardiac death (SCD) remain at high
	risk of ventricular fibrillation (VF) recurrence and of implantable cardioverter
	defibrillator shocks. Identifying the VF triggers and substrate and the sources that
	maintain VF offers a unique opportunity to better understand this fatal
	arrhythmia and prevent its recurrence.

performed a multicenter prospective study to evaluate ECGI in 52 patients who presented with spontaneous or post AF ablation ATs. ECGI correctly identified the mechanism of AT in 92% of the cases, including 85% of macroreentries and 100% of focal ATs. For macroreentrant AT, ECGI was most accurate in diagnosing peri-tricuspid and roof dependent flutters; however, only 20% of peri-mitral flutters were successfully identified.  In a recent study (HRS abstract C-AB32-04), Kitamura et al.

mapped 

7 AT using high-density mapping (Rhythmia, Boston Scientific) and ECGI. Activation mapping identified 2 focal ATs, 1 localized reentry and 4 macroreentries. ECGI correctly identified the mechanism of AT in 6/7 ATs. The accuracy was the highest for focal ATs. (o Particularities of mapping during VF Ventricular signals have a higher amplitude than atrial signals. In our experience, signals recorded during VF are frequently of good quality, allowing accurate post processing. We perform a separate analysis for each VF episode. This includes systematic mapping of spontaneous PVCs initiating VF,

  The ER pattern was present in the inferolateral leads in 8 patients and only in the inferior leads in 23 patients. A Brugada pattern was also present in 23 patients. The authors identified low voltage areas with fractionated signals in 22/23 patients with BS and ER patterns. These signals were epicardial and were recorded on the right ventricular outflow tract (RVOT) and inferior right ventricle (RV), and co-localized with VF drivers identified by ECGI.

	). o J wave syndromes J wave syndromes include early repolarization syndrome (ERS) and Brugada syndrome (BS). Both conditions are associated with a higher vulnerability to ventricular arrhythmias and SCD and can coexist in the same patient.  Early repolarization syndrome (ERS) ERS is defined as an ER pattern (33) (J point elevation ≥ 1mm in 2 contiguous inferior and/or lateral leads of a 12-lead ECG) and (1) a patient who has survived a SCD or (2) a SCD with a negative autopsy and medical chart review with a previous ECG. Nademanee and al. (HRS 2018) performed high density biventricular endocardial and epicardial mapping in 31 patients with ERS and a history of frequent VF episodes (between 2 and while patients without structural alterations underwent ablation of Purkinje triggers. Ablation prevented VF induction in 81% of the cases and was associated with VF freedom in 90% of cases after a median follow-up of 37 months. This study allowed identification of two mechanisms underlying the J wave syndromes (34). The first one consists of delayed depolarization of the inferior RV that is predominantly found in the presence of concomitant BS and ERS. The second mechanism is a repolarization abnormality, either delayed repolarization (24%) or early repolarization (76%), that is mainly encountered in the absence of BS.  Brugada syndrome Nademanee et al (35, 36) first described the presence of epicardial substrate located on the RVOT. The authors recorded areas with low voltage, involving fragmented late potentials (96 ms +/-47ms beyond QRS) with long duration (132 +/-48ms) in 9 symptomatic patients with type 1 BS. Zhang et al (37, 38) used ECGI in 25 patients to characterize the substrate underlying BS in 25 patients with BS. The authors recorded delayed activation of the RVOT, where unipolar signals were fractionated and had a lower amplitude. In a recent study, Hocini et al (HRS 2017) analyzed VF drivers during 34 VF episodes that were recorded in 25 patients with BS. The mean number of VF episodes before ablation was 9 +/-10. The right ventricle was dominant during the initial phase of VF in 76% of cases. VF drivers were mainly represented by focal breakthrough and figure of eight reentries. RV drivers were predominant for 4.6 +/-3.2s, after which VF drivers become biventricular. Endocardial and epicardial mapping recorded abnormal potentials located at the RVOT and the anterior RV in 17 cases. Ablation of the substrate was associated with VF freedom in 150 VFs). Ablation targeting abnormal areas was performed in this group, 15/17 patients after 14-months of follow-up.

Substrate characterization in patients with adult congenital heart diseases (ACHD)

  used ECGi in 27 patients, including 10 patients with PVCs and 1 patient with focal VT. ECGI correctly located the origin of the arrhythmia in 9/11 cases and resulted in arrhythmia suppression in 2 patients that underwent ECGI guided ablation alone in the absence of spontaneous PVCs during the case.  Intini et al.[START_REF] Intini | Electrocardiographic imaging (ECGI), a novel diagnostic modality used for mapping of focal left ventricular tachycardia in a young athlete[END_REF] first used ECGI to guide diagnosis and therapy of a focal VT in a young athlete. ECGI was used before the invasive procedure and correctly identified the origin of the VT that arose from a left ventricular apical diverticulum. Local unipolar signals at the site of origin showed a QS pattern consistent with an epicardial exit.  Jamil-Copley et al. (39) recruited 24 patients with outflow tract PVCs. ECGI correctly identified the origin of the PVCs in 23/24 patients (RVOT= 18, LVOT=8) and sublocalized the origin of the PVCs in all cases.  Patients with ACHD disease are at risk of atrial and ventricular arrhythmias. The complex anatomy and substrate in such patients represents a limitation to invasive mapping. Ernst et al (42) used ECGI in 14 patients withACHD disease (mean age 37 +/-18 years) to document clinical arrhythmia, inducible or spontaneously occurring, prior to invasive ablation. The underlying structural disease ranged from left atrial isomerism to tricuspid atresia with Fontan operation, aortic coarctation and atrial switch for d-transposition of great vessels. The majority of the patients had at least one failed sequential electrophysiological study. ECGI correctly identified the chamber of origin in all cases, being the atria in 6 cases and the ventricles in 7 cases. One patient was excluded because no arrhythmia was recorded. ECGI facilitated ablation by showing the mechanism of the arrhythmia and by guiding ablation. This role was particularly interesting in patients with multiple arrhythmias and complex anatomy. After a median follow-up of 18 months, 64% of the patients remained in sinus rhythm.

 Ventricular preexcitation ECGI can accurately locate accessory pathways (AP) (Figure