Initial multicenter experience with a new High-Density coloring module: impact for complex atrial arrhythmias interpretation
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ABSTRACT
Background: High-density automated mapping of complex atrial tachycardias (ATs) requires accurate assessment of activation maps. A new local activation display module (HD Coloring, Biosense Webster®) provides higher map resolution, a better delineation of potential block reducing color interpolation, and a new propagation display. We evaluated the accuracy of a dedicated local activation display compared to standard algorithm.

Methods: High density maps from 10 organized atrial tachycardias were collected with a multipolar catheter and were displayed with standard activation or HD Coloring. Six blinded expert operators retrospectively analyzed activation maps and were asked to define (1) the tachycardia mechanism, (2) ablation target, and (3) level of difficulty to interpret those maps.

Results: Using HD Coloring, operators were able to reach a correct diagnosis in 93% vs. 63%, p<0.05 compared to standard activation maps. Time to diagnosis was shorter 1.9±1.0 min vs. 3.9±2.1 min, p<0.05. Confidence level would have allowed ablation without necessity for entrainment maneuvers in 87% vs. 53%, p<0.05. Operators would have needed to remap or proceed with multiple entrainments in 3% vs. 13% of cases, p<0.05. Finally, ablation strategy was more accurately identified in 97% vs. 67%, p<0.05.

Conclusion: Activation mapping with the new HD Coloring Module allowed a more accurate, reliable, and faster interpretation of complex ATs mechanisms compared to standard activation maps.
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INTRODUCTION

Prerequisite for successful radiofrequency catheter ablation of tachycardias relies on a precise understanding of underlying mechanisms based on accurate activation mapping during electrophysiology study. Sixty years ago, Durrer et al.1 presented the first epicardial activation map, drawn by hand, of an accessory pathway. First reports of activation mapping with 3D navigation system were published in 19972,3. Since then, mapping technology has evolved. Automated signal annotation and dedicated multipolar mapping catheters shaped an era of high-density mapping. Today, navigation systems allow a three-dimensional color-coded map of high-density signal propagation. Atrial tachycardia (AT) complexity is growing as a consequence of the widespread use of catheter ablation for cardiac arrhythmias. New tools are needed to describe and interpret complex activation maps. To improve interpretation of activation mapping, a new algorithm, called HD Coloring Module (HDc) on the CARTO® 3 System Version 6, was developed, bringing three main changes: 1) Improved color interpolation 2) Delineation of areas of potential block (extended early meets late - EEML) 3) New propagation display. We hypothesized that HDc may provide a better understanding of complex atrial tachycardias activation.



METHODS

Ten different maps with complex ATs (Supplementary Materials, Additional Figures), in which ablation resulted in arrhythmia termination, were reviewed by 6 operators from 4 centers. All were experienced operators, trained to HDc Module interpretation. Procedures were performed in: CHU Gabriel Montpied (Clermont-Ferrand - France), Clinique Ambroise Paré (Neuilly-sur-Seine - France) and Sussex Cardiac Centre (Brighton, UK). The study was approved by the Institutional Committee on Human Research (CHU Gabriel Montpied - Clermont-Ferrand). All cases included detailed endocardial mapping performed with a multi-electrode mapping catheter PENTARAY® Catheter 2-6-2 mm (Biosense-Webster Inc., Diamond Bar, CA, USA) and ablation with a contact force-sensing catheter (CARTO SMARTTOUCH™ Technology). Criteria for including points within the maps used for analysis with the CONFIDENSETM Module included cycle length, an electrode position stability of 4mm, and a LAT stability filter at 4ms. The tissue proximity filter was used to exclude the points that were not in contact with the tissue. The color threshold was set at 5 mm to ensure a dense and even distribution of electrograms (EGMs) signals.

Improved color interpolation (Figure 1)
[bookmark: _Hlk530847304]With HDc Module, the 3D map surface is segmented in 0.8 mm voxels within which one activation point and can be displayed in real time at its center. In the standard coloring (stdLAT), the map surface is segmented in a mesh made of triangles of different areas. With stdLAT, activations points are projected at the nearest mesh intersection.

Delineation of areas of potential block (EEML)
The difference in local activation time (LAT) between 2 adjacent points is calculated according to a predefined threshold. This threshold is set as a percentage (<60%) of the cycle length of the mapped tachycardia. An EEML line (white) is visualized (Figure 1) if the LAT difference between 2 adjacent points is greater than the threshold. EEML line is integrated in the propagation map to simplify interpretation of the tachycardia mechanism (Figure 2). With stdLAT Block lines are associated with homogeneous color interpolation in between 2 close points limiting its understanding. EEML provides a better definition of the atrial tachycardia mechanism by eliminating visual pseudo-reentries (Figure 2A and 2B) or delineating more accurately circuit extension (Figure 2C).

New propagation display
The LAT colors are displayed during propagation with a highlighted frame integrating areas of potential block (Video 1).

Comparison of stdLAT vs HDc
Color-coded maps from all ATs were randomly (Supplementary Materials, Additional Table) presented on a simulator to the operators blinded to the ablation strategy. Each operator analyzed 5 maps in stdLAT and 5 maps in HDc. For each map, operators were asked to define (1) the tachycardia mechanism and (2) the ablation target. Time for interpretation was also collected.

Tachycardia mechanism and ablation target were scored as 1 (correct) or 0 (incorrect). Additionally, the six operators were asked to define the level of difficulty in interpreting the maps (graded from 1 to 3):
· Level 1: the operator was sufficiently confident with activation mapping alone to deliver ablation; 
· Level 2: diagnosis was suspected but not certain, and further diagnostic information such as entrainment is required; 
· Level 3: a diagnosis could not be made, remap and entrainment are needed.

While industry support was required to assist with operating the CARTO® simulator, they provided no assistance with map interpretation and no reannotation was allowed by operators.

Statistical Analysis
Descriptive statistics were reported as mean ± SD for continuous variables and as numbers and percentages for categorical variables. Categorical variables were expressed as percentages. Statistical analysis was performed using IBM SPSS Statistics software (Version 25). Continuous variables were compared using the Wilcoxon signed ranks test. Comparison of operator’s analyses between the standard algorithm and the HD coloring algorithm was performed using the McNemar test. A 2-sided P value <0.05 was considered statistically significant.

RESULTS
Study Population & procedural data
The retrospective study group included 10 patients with left-sided ATs (mean age 69±8 year-old, 6 female). Eight patients were referred for a redo ablation. Among patients with a redo-procedure, one had a procedure for persistent atrial fibrillation (AF) ablation and 7 for AT. During the index procedure, 8 patients had pulmonary veins isolation (PVI), 2 a roof line, 2 a cavotricuspid block (CTI) and 1 a left atrial defragmentation.
Mean LA volume was 165±38 ml. Mean cycle length was 287±47 ms. Coronary sinus atrial activation was proximal-distal in 40% and distal-proximal in 60%. A single macroreentrant loop using the anatomical mitral isthmus was the most frequent diagnosis (n=4). Three patients had a localized reentry in the lateral atrial wall, the anterior wall and around an infero-septal scar, respectively. Three other patients had a double-loop flutter combining an anterior wall reentry and perimitral, an anterior wall localized reentry and a roof-dependent circuit around left pulmonary veins, and a postero-inferior wall localized reentry and a roof-dependent circuit around left pulmonary veins, respectively (Supplementary Materials, see Additional Figures – see Video 1 and 2).

EEML/Activation mapping comparison
The EEML line was present in 8 of the 10 cases: 4 on the anterior wall, 1 at the mitral isthmus, 1 at the septum between scar areas, 1 at the roof, and 1 case having 2 EEML lines on the posterior wall and roof. By reviewing EGM signal signature, all EEML lines represented a line of block with a clear double potential.

Map interpretation
The correct diagnosis was achieved significantly more often with HDc module than stdLAT maps (93% vs. 63%, p<0.05). The operators would have been confident to proceed to ablation without entrainment confirmation (level 1) in 87% (26/30 maps) of the cases analyzed compared to 53% (16/30 maps) with the stdLAT. In 13% (n=4) of the cases, the operators would have needed to remap or proceed with multiple entrainments (level 3) versus 3% with HDc (p<0.05). With HDc, the absence of EEML (2 cases) was associated with a rate of misdiagnosis of 25%.
The time to achieve the correct diagnosis was 51% shorter with HDc compared to stdLAT (1.9±1.0 vs. 3.9±2.1 min, p<0.05) (Figure 1 – lower panel). Critical isthmus and ablation target were more correctly identified in 97% (n=29) vs. 67% (n=20) of cases (p<0.05). 


DISCUSSION

This study demonstrates that the HDc algorithm was highly effective at interpreting complex ATs and identifying ablation target correctly.

Atrial fibrillation ablation strategies including more than PVI are associated with a higher rate of recurrences of organized atrial tachycardias. After a single procedure for persistent AF ablation using a stepwise approach 30% to 53% recurred with AT4. They represent a challenge to conventional mapping methods due to complex and multiple mechanisms. 

Macroreentrant ATs are usually defined by an anatomical isthmus. However, they may depend on a different and distant critical isthmus (termed practical isthmus)4 or be associated with multiple activation loops4. Localized reentry occurs around a core scar or an anatomical line of block and its maintenance relies on slow conduction areas5. Thus, AT mechanisms are variable and frequently associated with slow conduction, anatomical and functional blocks. The identification of critical areas is the cornerstone of 3D mapping interpretation. StdLAT, similar to other 3D mapping systems displays a linear interpolation between every point in the map without considering the existence of an underlying block. A higher point density clearly reduces activation map interpolation and reduces misinterpretation. However, optimal point density as not been defined even if a threshold of 1.0 to 1.5 point/cm2 seems to be sufficient to identify complex activation and areas of blocks6. This suggest that other way could be explored to improve activation map interpretation.

StdLAT activation maps on CARTO® 3 System are based on local activation time, mesh segmentation of the surface and nearest intersection activation point projection. It leads to a lower resolution with multiple activation points projecting to the same intersection. In this case the value displayed is the one associated with the highest bipolar voltage. HDc Module increases overall map resolution by surface segmentation in smaller voxels (0.8 mm) and displays at the center of each voxel only the nearest activation point whatever its bipolar voltage. This results in 181% higher resolution in activation/voltage mapping and allows a maximal display of 155 points/cm2 (Figure 1B). The higher number of points projected to the map with HDc may improve the AT mechanism interpretation.

HD coloring provides the EEML tool, displays areas of block and limits misunderstanding of very late activation pattern (see Figure 2C). In our study, EEML display was the most efficient way to improve operator’s diagnostic accuracy in complexes areas. The presence of the EEML and the propagation with HDc helped to analyze the map overcoming the focus on the early-meets-late location. Cases which demonstrated a lower rate of accurate interpretation with HDc were those without any EEML. As expected, the differences between the standard and the new mapping algorithm were more evident in patients with scar-related ATs and complex propagation patterns in which EEML helped to identify multiple areas conduction block and critical isthmuses. 

EEML threshold to define conduction block was initially limited to a value of 40%. While this is a good starting point, we believe that the value of 25-30% should be the standard. Considering line of block, interpotential delay has been investigated in different publications and can be extrapolated to that specific value. In a pioneering work by Waldo et al.7, the timing between double potential defining a conduction block during tachycardia and at different pacing rates was investigated. During tachycardia (CL average of 225ms), the delay between both components of a double potentials was 75±20ms and, this represent an EEML cut-off at 33%. During pacing at different rates faster than the flutter, the delay between both components of a double potential was 59±24 ms which would represent 31% in EEML value. Later Morady et al.8 found a mean interval of 135±30 ms between the two components of double potentials along a complete block resulting in an estimated EEML of 27%. Thereafter, pacing at 600ms from the low septal right atrium and low right atrial free wall at bi-directional CTI block creation, was associated with an interpotential delay was 140±15 ms and 145±18 ms, respectively (estimated EEML of 23% and 24%, respectively)9. Final HDc module version allows different EEML settings and their sensitivities and specificities remain to be evaluated in prospective studies.

Whereas new ultra-high-density mapping systems allow better understanding of mechanisms underlying complex ATs, long-term success of ablation procedures remains an important issue. 3D mapping system must first facilitate AT diagnostic, aid identification of an effective ablation strategy and then assess lesion efficacy to improve long term success. As first answer, new high-density mapping system improved activation map interpretation. Accordingly, recent data describing success rates in terminating ATs using conventional activation and entrainment mapping range from 77% to 86% depending on left atrial location10,11. However, latest published data with novel navigation systems have demonstrated arrhythmia-free outcome between 55%-58% at 1-year follow-up4,12. If accurate critical isthmus identification helps to achieve acceptable acute success and gives satisfaction for the operator, ablation efficacy also relies on lesion quality and lesion assessment to improve long-term outcomes.

LIMITATIONS
This study did not attempt to perform prospective direct comparison between the new and standard mapping algorithm. Prospective validation of the EEML tool was not an objective of this study. We are aware that EEML value of 40 might be sub-optimal and not suited to all cases. However, there was a high rate of accurate diagnosis with the new algorithm by the operators. A dedicated study is ongoing to evaluate the accuracy of a different threshold value. We did not evaluate the long-term impact of ablation guided by HDc coloring nor compare it with other high-density mapping systems. Further work is mandatory to evaluate the additional effect of mapping and ablating technologies. Finally, this study included a limited sample size, which nevertheless seemed sufficient to demonstrate the contribution of HDc to activation display and AT diagnosis.
 


CONCLUSIONS
The HD coloring module displays accurate activation map and provides a better interpretation of complex ATs than standard algorithm with a high level of confidence. This is a combined effect of reduced color interpolation, increase of map density and the highlighting of conduction block area. Further work is needed to define standard mapping criteria for EEML and assess the impact of HD coloring on clinical outcomes.
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Figure 1. Upper panel - Comparison of the HDc map (A) and the standard 3D map (B) resolution based on a 0.8 mm voxel with point density displayed on map (C). Highlighted areas of block using EEML threshold à 15% of baseline cycle length (Baseline CL at 298 ms – Minimum interval to display EEML between two adjacent point using EEML 15% threshold = 44 ms) (C). Lower panel – Operators activation map interpretation level of confidence (left panel), mean interpretation duration to diagnosis (middle) and accuracy to identify AT critical isthmus comparing stdLAT (red) and with HDc (blue). No PPI needed (Level 1), PPI required (Level 2), Remap (Level 3).



Figure 2. Two patients with a clockwise (2A) and counterclockwise (2B) perimitral macroreentry around the mitral annulus displayed with stdLAT (left) and with HDc (right). The differences between the standard and the new mapping algorithms were more evident in patients with scar-related ATs and complex propagation patterns. In the following case of a patient with persistent atrial fibrillation and history of previous PVI with additional LA ablations, the stdLAT map identifies a reentry on the anterior wall together with the circuit around the mitral annulus, whereas HDc shows a potential line of block in both map on the anterior wall resulting in a unique loop around the mitral annulus. Consequently, ablation strategy changes as no radiofrequency should be delivered on the anterior wall but the mitral isthmus should be blocked. 2C. Late activation of the upper mitral area leading to a localized figure of 8 activation pattern with stdLAT (left) properly displayed with HDc and EEML (right). Potential areas of block can also prevent misunderstanding of very late activation pattern. In this example of an idiopathic left atrial tachycardia, mitral isthmus was spontaneously found to be dissociated and therefore out of the tachycardia mechanism. Nevertheless, very late activation associated with the tachycardia cycle length was properly annotated in the upper mitral area giving a complete color interpretation. The EEML prevent color interpolation and identify an area of bloc which could be previously interpreted as a localized figure. 


Video 1. 3D activation map of a left atrium without the stdLAT module (left panel), and with the HDc module feature (right panel). The stdLAT activation display an anterior focal pseudo-reentry. HDc module identify two area of conduction block and delineate an anterior practical isthmus.
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