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ABSTRACT
Background: Ripple Mapping (RM) is designed to overcome the limitations of existing isochronal 3D mapping systems by representing the intra-cardiac electrogram as a dynamic bar on a surface bipolar voltage map that changes in height according to the electrogram voltage–time relationship, relative to a fiduciary point.
Objective: We tested the hypothesis that standard approaches to atrial tachycardia CARTO™ activation maps were inadequate for RM creation and interpretation. From the results, we aimed to develop an algorithm to optimise RMs for future prospective testing on a clinical RM platform.
Methods: CARTO-XP™ activation maps from atrial tachycardia ablations were reviewed by two blinded assessors on an off-line RM workstation. RM Maps were graded according to a diagnostic confidence scale (Grade I - high confidence with clear pattern of activation through to Grade IV- non-diagnostic). The RM-based diagnoses were corroborated against the clinical diagnoses.
Results: 43 RMs from 14 patients were classified as Grade I (5 [11.5%]); Grade II (17 [39.5%]); Grade III (9 [21%]) and Grade IV (12 [28%]). Causes of low gradings/errors included: insufficient chamber point density; window-of-interest <100% of cycle length (CL); <95% tachycardia CL mapped; variability of CL and/or unstable fiducial reference marker; and suboptimal bar height and scar settings. 
Conclusions: A data collection and map interpretation algorithm has been developed to optimize Ripple maps in atrial tachycardias. This algorithm requires prospective testing on a real-time clinical platform.

INTRODUCTION
The diagnosis and treatment of atrial tachycardias (AT) has been greatly facilitated by the development of 3D electro-anatomical mapping systems. However, the activation mapping techniques employed with these technologies have their limitations.
For example, accurate electro-anatomic depiction of tachycardias requires careful setting of the “window of interest” in relation to a reference time point and precise annotation of local activation within that window. Incorrect assignment of only a small number of electrograms can invalidate the entire activation map.
Secondly, multi-deflection signals such as double potentials and fractionated electrograms found in areas often critical to the arrhythmia mechanism are depicted least well, as only a single value of timing is assigned to each coordinate, without indication of signal quality. 
Finally, in order to display an interpretable color-coded 3D map, data interpolation algorithms provide an estimate of activation in unmapped areas between points on the assumption that activation is uniform. In cases where activation is non-uniform or complex, the interpolated map can potentially be misleading.
Ripple Mapping (RM) is a novel 3D mapping system developed to overcome these limitations1. We have described the basis of Ripple Mapping previously in detail1. To summarise: electroanatomical data is collected for a 3D map as with conventional mapping but instead of assigning each point as a single time value to create a color-coded map, RM displays all the components of the electrogram (voltage, waveform and timing) at its corresponding 3D coordinate as a bar that rises perpendicular to the surface of the cardiac chamber that changes in height according to the underlying voltage amplitude. Adjacent bars move up and down in time relative to a chosen fiducial reference signal. When multiple points are collected over an area, a “ripple” effect is seen as the movement traverses from one bar to the next, creating a Ripple Map1. Manual processing is minimal as there is no need for assignment of local activation time and setting of a “window of interest” as activation is visualised by the direction of the “ripple” on the map. Interpolation errors are avoided as only ‘real’ data is displayed.
An off-line prototype Ripple Mapping system used with CARTO-XP™ (Biosense-Webster, Haifa, Israel) has been validated in atrial tachycardia cases2. We have demonstrated that experienced CARTO™ users had an improved diagnostic yield (80%) interpreting RM compared to standard isochronal CARTO™ activation maps (50%) without the aid of additional electrophysiological data (e.g. entrainment)2.
The residual error rate of 20% in the RM group was higher than expected, therefore we hypothesised that standard CARTO™ based approaches to data collection and map interpretation may by inadequate for RM. Based on our findings, we developed an algorithm to optimise RM for mapping and ablation of atrial tachycardias.








METHODS
CARTO-XP™ atrial tachycardia maps demonstrating a range of activation patterns in patients undergoing clinically indicated procedures with point-by-point collection using a NaviStarTM or RMT ThermocoolTM (StereotaxisTM) catheter were selected. All maps were annotated by the operator at the time of the procedure, and the window of interest was set to 95% of the cycle length. Two blinded assessors, familiar with the principles and concept of RM but with no experience of the offline CARTO-XP™ Ripple Mapping research module analysed the studies without any other clinical electrophysiological data, e.g. entrainment. The assessors were given an explanation of the features available without formal training. 
Each RM map was subjectively graded in terms of diagnostic confidence and map quality, according to a scale: Grade I - high diagnostic confidence with clear pattern of activation evident; Grade II - moderate diagnostic confidence with some regions where activation is not clearly seen; Grade III - low diagnostic confidence with suboptimal maps and Grade IV - non-diagnostic. The RM diagnoses were corroborated against the final clinical diagnoses and causes of low diagnostic confidence were evaluated.







RESULTS
43 Ripple Maps from 14 patients were classified as follows; Grade I (5 [11.5%]); Grade II (17 [39.5%]); Grade III (9 [21%]) and Grade IV (12 [28%]).   
Further analysis was made to determine common factors that resulted in low grading.
Factors resulting in low grading.
1. Irregular or poor point distribution
In conventional CARTO™ activation maps, interpolation algorithms assign the average activation time of surrounding regions to unmapped areas to create a color coded map for visual interpretation. As RM does not interpolate, evenly distributed points around the whole chamber of interest are required in order to appreciate global activation. Consequently the commonest problem was insufficient points or uneven point distribution, leaving large areas without data. Suboptimal maps (Grade III/IV) had a trend towards fewer points (201±169) than for Grade I/II atrial maps (306±171, p=0.06). 
The density of points in critical areas was more important than the absolute number across the entire surface geometry. For example, fewer total points were required when checking conduction across ablation lines provided there were a sufficient number on either side of the line. The average inter-point distance in optimal maps was 5mm, whilst in areas of interest it was 3mm. Grade III and IV maps had an average inter-point distance of more than 10mm. 
Figure 1 and supplementary Video 1 show an example of a Grade I map, checking a cavotricuspid isthmus ablation line by coronary sinus pacing. This demonstrates the steps used to create a Ripple Map on CARTO-XP™. The “window of interest” does not need to be set and local activation times of each electrogram do not need to be validated. 
Figure 2 and supplementary Video 2 demonstrate a Grade II map where there are sufficient points to make a diagnosis but the poor inter-point distance around the mitral annulus produces a ‘jerky’ activation pattern rather than the smooth sequence that would be seen with dense point collection. Despite this, macro-reentry is seen around the mitral annulus. 
Figure 3 and supplementary Video 3 show a Grade IV map requiring increased points in areas of low point density. A non-diagnostic RM raises doubts about the validity of the standard isochronal activation map, as seen here, as most of the map would be interpolated leading to an erroneous diagnosis.
2. Window of interest <100% of cycle length (CL) 
RM was most effective when the whole cycle length was collected within the CARTO™ “window of interest.”  Areas of propagation across the surface chamber were missed when less than 100% of cycle length was included in the window. Interestingly, there were also examples of Ripple bars being ‘out-of-sequence’ that occurred because more than 100% of the cycle length had been collected (i.e. more than one activation captured). 
3. Unstable fiducial reference and variable cycle length tachycardias
RM requires that points are collected spanning the entire tachycardia cycle length with a stable fiducial reference signal, e.g. coronary sinus electrogram. Unlike activation mapping, where activation is visually represented relative to the “window-of-interest” by a pre-determined color scale, the Ripple bars are analysed in relation to each other. Local activation direction is established by the local sequence, therefore there is no concept of ‘early’ or ‘late’ but only the local activation direction, hence far-field and outlier signals do not affect the overall interpretation. Where the fiducial reference was unstable or where tachycardias had significant cycle length variation the maps were uninterpretable as bars would move out of time relative to each other.
4. Default Ripple Bar settings
The length of each Ripple bar varies according to the electrogram voltage amplitude with time. Problems occur when large bars crowd out the smaller ones that are often in areas of interest, e.g. low amplitude fractionation, therefore optimisation of the bar heights is required. On CARTO-XP™, the length of each bar could be clipped to a proportion of a user defined absolute maximum voltage. For example, for a point with voltage amplitude of 0.5mV, if the user defined maximum voltage was reduced from 2mV to 1mV, then the bar height would correspondingly increase from 25% maximum bar height to 50%, amplifying the smaller signals.
Figure 4 and supplementary Video 4 is an example of a roof dependent atrial tachycardia before and after adjustment of bar height and scar threshold. Prior to any adjustment it is difficult to see activation on the posterior wall. Once an area of low amplitude signals is amplified and the scar adjusted, a potential isthmus of slow conduction was uncovered that was not apparent before. However, insufficient points in this critical area meant that a definite RM diagnosis would only be made if more points were collected in this region.
5. Changing tachycardia
It was apparent in reviewing complex cases that the potential for dual loop re-entry was fairly common. In these situations ablation of the clinical tachycardia may cause a small change in cycle length when transitioning to the bystander circuit. Unless a multi-electrode catheter, such as a coronary sinus decapole, showed a change in activation pattern, the transition may not be appreciated. Periodic checking of intracardiac activation of the coronary sinus activation pattern and cycle length is recommended. Furthermore, if the tachycardia has not terminated after an appropriate number of lesions delivered, a localised re-map with dense acquisition around the region of interest using RM is advisable as a precaution to determine whether the tachycardia has changed. 

Optimisation of the CARTO™ Ripple Map
Following the development of the RM diagnostic algorithm using the offline CARTO-XP™ system, a clinical version of Ripple Mapping was released on the CARTO3™ (Version 4) platform. We further developed the algorithm to incorporate the functionalities of the clinical version and to improve the confidence grading of the Ripple maps.
1. Map setup
CARTO3v4™ ConfiDense™ module enables automated point collection (Continuous Mapping) that facilitates rapid acquisition of a high point density map for RM. Applying a “Cycle Length Range” filter to include only those points within 5% of the tachycardia cycle length (TCL) can ensure each sampled point collected within the map is part of the tachycardia. Movement waveform artefact can be suppressed with the catheter “Position Stability” feature activated. The inter-point density can be predefined between 1-4mm.
Maps should be created using “fast anatomical map” geometry acquisition. Reducing the FAM toolbar resolution to 10 ensures a smooth contoured map. Collecting points with fill and colour threshold of 5mm during data acquisition creates a map of sufficient density for RM interpretation. Valve annuli, should ideally be cut out on the map and at least 25 points spaced evenly around the annulus to clearly demonstrate activation around the annulus.
2. Scar settings
The differentiation between ‘true’ scar and areas of low amplitude slow conduction can be difficult and is often subjectively set by the operator or automatically assigned based on arbitrary criteria3-5. Standard scar settings for ventricular myocardium have been defined as <0.5mV for dense scar and >1.5mV healthy myocardium. However, there is no universally accepted voltage definition for atrial scar6. A unique advantage of RM is that activation can be superimposed on a bipolar voltage scar map which can then be actively adjusted, enabling a more structured approach to deciding the amplitude at which scar is defined. During RM playback, the bipolar voltage threshold for the surface geometry can then be gradually reduced until the only areas that are marked as scar are those where ripple bars do not activate or do so with no clear propagative appearance. By doing so, activation can be seen within low voltage/scarred areas and potential isthmuses of conduction might be identified. (Figure 5, 6 and supplementary videos 5, 6).
3. Bar settings
Compared to the offline CARTO-XP™ version of RM, the “maximum bar voltage” assigned to the CARTO3™ system will clip the bars at that height. A user defined “size factor” allows the bar heights to be set as LOW, MEDIUM or HIGH. We found that clipping the bars at 1mV made all the bars prominent. Clipping the bars at 0.25mV enhances visualisation of fractionation, at the expense of bar height. Manipulating the size factor to HIGH with bars clipped between 0.25-0.35mV allowed optimal visualisation of global activation and areas of fractionation most of the time.
Signals can also be hidden below a designated value, important when filtering out background noise. Selecting “show bars above” between 0.05-0.1mV removed very low voltage fractionated signals which was suboptimal. These signals were preserved at 0.03mV.
4. Ripple Map interpretation
Global activation and tachycardia mechanism are usually easy to determine after several RM cycles are played at the fastest speed (100 frames per second). Playback can be slowed down when looking at areas of interest. Importantly, looking towards the origin of activation during playback (rather than following activation) avoids ‘blind alleys’ and should reach either the focal source or complete the circuit. Systematically looking in all orientations is crucial. For left atrial tachycardias, the right lateral view is useful to determine roof-dependence and left anterior oblique and anteroposterior views help to observe the valve annulus en face to assess its contribution. Paired superior and anteroposterior and then inferior and right anterior oblique views show the direction of activation in the roof and floor. Finally, the activation around and within the pulmonary veins should be checked. This method allows all views to be examined for a continual loop of activation throughout the cycle length for macro-reentrant circuits or activation from a focus.
The “Ripple Viewer” is a multiple electrogram window that allows selection of marked points on the RM to be viewed and compared side by side so that the electrogram signals along a potential conduction channel can be reviewed. By setting the Ripple Viewer from one TCL before the reference electrogram to one TCL afterwards, two complete cycle lengths of the tachycardia can be displayed, ensuring an entire cycle is displayed smoothly without interruption. For focal tachycardias, the Ripple viewer can be shortened to eliminate electrical inactivity and target the map to the area of focal electrical breakout.
On the basis of the CARTO-XP™ cases reviewed and incorporating the new functionalities of the CARTO3™ platform, a standardised approach to data collection and RM interpretation was developed with the aim of minimising errors and improving diagnostic accuracy (Figure 7). We retrospectively applied the RM set up to a clinical evaluation version of CARTO3™ (Version 4) Ripple Map module (Biosense Webster, USA) in a case of a roof dependent left atrial tachycardia which was performed using conventional activation and entrainment mapping (supplementary figure 1 and supplementary video 7). Ripple bars clearly confirmed a roof dependent circuit with caudo-cranial activation up the anterior wall and cranio-caudal activation down the posterior wall. As with previous cases, point density was not optimal, but despite this ‘dynamic scar thresholding’ revealed a potential isthmus of ripple conduction at the roof. Entrainment data confirmed that this was within the circuit and limited ablation in this area, without completion of the roof line, resulted in successful termination with ablation.

DISCUSSION
A detailed understanding of cardiac activation during an atrial tachycardia can help determine the critical sites for arrhythmia maintenance and therefore direct ablation therapy. 3D navigation systems have greatly facilitated the mapping and ablation of complex cardiac arrhythmias but some limitations remain7-13. 
RM was developed to overcome some of the major limitations that exist with current mapping systems in order to reduce the resultant errors that can occur. By displaying the voltage-time relationship of each electrogram as dynamic surface bars seen moving relative to each other, the qualitative characteristics of the electrogram are preserved, avoiding the need for annotation and post-processing. There can be no interpolation error as all data presented is ‘real.’
This study demonstrated that a standard approach to CARTO™ mapping is not optimal for Ripple Mapping. The most common problem in interpreting RMs was insufficient point density. The availability of multi-electrode mapping as well as automated point collection (CARTO3™ ConfiDense) can greatly facilitate the creation of a high density map as large numbers of points can now be collected in a short time14-15.
Furthermore, the unique ability of RM to display both activation and bipolar voltage on the same surface geometry has enabled activation-guided ‘dynamic’ setting of scar thresholds with the potential to enhance RM interpretation, giving useful insight into tachycardia mechanisms that might not be apparent with conventional mapping techniques, particularly where the substrate is complex.
Based on these findings and incorporating certain features from CARTO3™ (Version 4), we have developed a standardised algorithm for data collection and RM interpretation to minimise errors and improve diagnostic accuracy.
LIMITATIONS
The development of the RM algorithm required retrospective analysis to improve data acquisition and interpretation. However, to confirm its utility a prospective study of atrial tachycardias using this methodology, using the clinical platform is required.
CONCLUSIONS
Ripple mapping is an annotation-free 3D mapping system that displays activation and bipolar voltage on the same geometry and enables scar to be functionally determined. It requires a modified approach to data collection and map interpretation for which a diagnostic algorithm has been developed to ensure optimal visualisation of all wavefronts and isthmuses in atrial tachycardias. 



Authors contributions:
MKW: Concept/design, Data collection, analysis/interpretation, drafting article,
HN: Data collection, Data analysis/interpretation
VL: Data collection, Data analysis/interpretation, drafting article
SJC: Concept/design, Data collection, Data analysis/interpretation
NL: Concept/design, Data collection, Approval of article
BS: Data collection, Approval of article
NQ: Data collection, Approval of article
NSP: Data collection, Approval of article
DWD: Data collection, Approval of article
DPF: Data collection, Approval of article
WJ: Data collection, Approval of article
PK: Concept/design, Critical revision of article, Approval of article

This study complies with the Declaration of Helsinki. Informed consent of the subjects has been obtained







REFERENCES
1. Linton NWF, Koa-Wing M, Francis DP, Kojodjojo P, Lim PB, Salukhe TV, Whinnett Z, Davies DW, Peters NS, O’Neill MD, Kanagaratnam P. Cardiac ripple mapping: a novel three-dimensional visualization method for use with electroanatomic mapping of cardiac arrhythmias. Heart Rhythm. 2009; 6:1754–1762. 
2. Jamil-Copley S, Linton N, Koa-Wing M, Kojodjojo P, Lim PB, Malcolme-Lawes L, Whinnett Z, Wright I, Davies W, Peters N, Francis DP, Kanagaratnam P. Application of Ripple Mapping with an Electroanatomic Mapping System for Diagnosis of Atrial Tachycardias. J. Cardiovasc. Electrophysiol. 2013;12:1361–1369. 
3. Marchlinski FE, Callans DJ, Gottlieb CD, Zado E. Linear Ablation Lesions for Control of Unmappable Ventricular Tachycardia in Patients With Ischemic and Non-ischemic cardiomyopathy. Circulation. 2000;101:1288-1296.
4. Callans DJ, Ren J, Michele J, Marchlinski FE, Dillon M. Electroanatomic Left Ventricular Mapping in the Porcine Model of Healed Anterior Myocardial Infarction. Circulation. 1999;100:1744-1750.
5. Soejima K, Stevenson WG, Maisel WH, Sapp JL, Epstein LM. Electrically Unexcitable Scar Mapping Based on Pacing Threshold for Identification of the Reentry Circuit Isthmus Feasibility for Guiding Ventricular Tachycardia Ablation. Circulation. 2002;106:1678–1683. 6. Squara F, Frankel DS, Schaller R, Kapa S, Chik WW, Callans DJ, Marchlinski FE, Dixit S. Voltage mapping for delineating inexcitable dense scar in patients undergoing atrial fibrillation ablation: A new end point for enhancing pulmonary vein isolation. Heart Rhythm. 2014 Jul 23. pii: S1547-5271(14)00800-5.
7. Earley MJ, Showkathali R, Alzetani M, Kistler PM, Gupta D, Abrams DJ, Horrocks JA, Harris SJ, Sporton SC, Schilling RJ. Radiofrequency ablation of arrhythmias guided by non-fluoroscopic catheter location: a prospective randomized trial. Eur. Heart J. 2006; 27:1223–1229. 
8. Marchlinski F, Callans D, Gottlieb C, Rodriguez E, Coyne R, Kleinman D. Magnetic electroanatomical mapping for ablation of focal atrial tachycardias. Pacing Clin. Electrophysiol. 1998; 21:1621–1635. 
9. Nakagawa H, Jackman WM. Use of a three-dimensional, nonfluoroscopic mapping system for catheter ablation of typical atrial flutter. Pacing Clin. Electrophysiol. 1998; 21:1279–1286. 
10. Nakagawa H, Shah N, Matsudaira K, Overholt E, Chandrasekaran K, Beckman KJ, Spector P, Calame JD, Rao A, Hasdemir C, Otomo K, Wang Z, et al. Characterization of reentrant circuit in macroreentrant right atrial tachycardia after surgical repair of congenital heart disease: isolated channels between scars allow “focal” ablation. Circulation. 2001; 103:699–709. 
11. Schilling RJ, Peters NS, Davies DW. Mapping and ablation of ventricular tachycardia with the aid of a non-contact mapping system. Heart. 1999;81:570-575.
12. Shah DC, Jaïs P, Haïssaguerre M, Chouairi S, Takahashi A, Hocini M, Garrigue S, Clémenty J. Three-dimensional mapping of the common atrial flutter circuit in the right atrium. Circulation. 1997; 96:3904–3912. 
13. Stevenson WG, Delacretaz E, Friedman PL, Ellison KE. Identification and ablation of macroreentrant ventricular tachycardia with the CARTO electroanatomical mapping system. Pacing Clin. Electrophysiol. 1998; 21:1448–1456. 
14. Della Bella P, Bisceglia C, Tung R. Multielectrode contact mapping to assess scar modification in post-myocardial infarction ventricular tachycardia patients. Europace. 2012; 14 Suppl 2:ii7–ii12.
15. Koruth JS, Heist EK, Danik S, Barrett CD, Kabra R, Blendea D, Ruskin J, Mansour M. Accuracy of left atrial anatomical maps acquired with a multielectrode catheter during catheter ablation for atrial fibrillation. J. Interv. Card. Electrophysiol. 2011; 32:45–51. 
















Table 1. Patient demographics.
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FIGURE LEGENDS
Figure 1a (See also Supplementary Video 1). Checking cavotricuspid isthmus line with pacing from the coronary sinus. Caudal view with tricuspid valve cut out. (Grade I map). Panels (i-iv) show a plain surface geometry. The bar scale (right side of the image) includes the lowest voltage at which bars become visible (set to 0mV) and the upper voltage at which the bars reach the maximum height above the surface (set at 5.73mV). On CARTO-XP™, the bars appear small and the activation pattern is difficult to discern. Panels (v-viii) now show the RM with the bar scale adjusted so that they are only seen above 0.03mV, reducing the effect of background noise, and clipped to an absolute maximum voltage at 0.96mV. All activation can now be seen and activation is now seen traversing the unblocked line.
Figure 1b. Further optimisation is achieved by adjusting the voltage color scale (left side of the image) so that the areas with propagating bars are seen as healthy tissue (purple). This is known as ‘dynamic scar thresholding’. Combining RM with a bipolar voltage map enables a gap in the line to be seen.

Figure 2 (See also Supplementary Video 2). Mitral isthmus dependent flutter (Grade II map). En face view of the mitral annulus (cut out). There is activation around the annulus, but the interpoint distance on the medial side is suboptimal and activation would be clearer with more points.

Figure 3 (See also Supplementary Video 3). Example of a Grade IV map. A focal left atrial tachycardia originating from the carina of the left sided pulmonary veins, terminated with a single ablation lesion. Posterior view. There were a low number of activation points (90) with unequal distribution along the posterior wall. In Panel (i) the CARTO-XP™ isochronal map demonstrates incorrect earliest activation at the floor. Marked point (*) shows that this is at the limit of the window of interest. The RM in panel (ii) does show earliest activation from the carina at onset of P wave (arrow) but the point distribution at roof and lateral wall is poor (Panels (iii) and (iv)), hence earliest activation is not obvious. There is a period of electrical silence (v) before the next firing. Interestingly in (vi) there is a further spike just before the next cycle due to 2 activations being acquired during data collection. The asterisk in (vi) shows the position where the electrogram was taken and is late in relation to the P wave but the hump of the electrogram is within the window and hence caused the bar to move. Limited point acquisition and distribution makes it difficult to make a RM diagnosis. This example illustrates how an RM map can be graded IV and yet the 3D activation map looks reasonable due to interpolation that can mislead operators.

Figure 4 (See also Supplementary Video 4)
Roof dependent left atrial tachycardia. Posterior view (Grade III map). Panel (i) shows nominal bar and scar settings which are unhelpful as the whole of the atrium appears to be scar and whilst there are a cluster of points at the posterior/roof they were not moving. In panel (ii) after the bar settings are selected (0.05-0.9mV) the activation is seen around the roof and floor but there are too few points in the mid-posterior wall. Overall direction appears to be superior-inferior. Panel (iii) has the voltage scar threshold adjusted but there are insufficient points to demonstrate activation through scar and a hypothetical isthmus is suggested by the arrow using the interpolation algorithms.



Figure 5 (See also Supplementary Video 5) 
Left atrial tachycardia in a patient with previous circumferential pulmonary vein (PV) ablation and roof line. Panel (i) shows the annotated CARTO-XP™ isochronal map in modified AP and PA views and the mechanism is unclear. Panel (ii) shows the RM with bar and scar settings adjusted. There is a gap in the roof line near the right upper PV. Panel (iii) demonstrates the wavefront separating into two against an anterolateral scar adjacent to the mitral annulus resulting in one wavefront moving along the roof line towards the left atrial appendage and another moving down the mitral annulus. Black lines have been added along areas of conduction block and yellow arrows indicate direction of activation.

Figure 6 (See also Supplementary Video 6)
The same tachycardia has been further optimized by setting both upper and lower scar settings to show dense scar as red and conducting tissue as purple on the surface geometry. Panel (i) shows the PA view with dense scar around the pulmonary veins and a tract of propagating tissue extending from below the left PVs to the roof near the right upper PVs. RM shows activation travelling up this conducting tissue and passively activating the right PVs in a downward direction. Panels (ii-iv) confirm the description in Figure 6 of the right lateral and left anterior oblique views. Following the wavefronts around leads to the inferior view in panel (v) that shows the anterior wavefront passing medial to the mitral valve and hitting a line of block between the inferior annulus and the scar. A wavefront coming from in front of the left PVs also encounters this line of block but activation continues back up the posterior wall. Panel (vi) shows this complex activation starting in front of the left PVs and going up the posterior wall towards the right PVs and then continuing downwards within the antral ablation sites of the right PV.

Figure 7: 
Optimised Ripple Map data collection and interpretation algorithm

Supplementary figure 1:
A case of roof dependent atrial tachycardia in a patient with previous wide area circumferential ablation was diagnosed with an activation map on a CARTO3™ (Version 2) platform and retrospectively exported to CARTO3 (Version 4) for analysis with Ripple Map. A total of 260 points were collected. RM preferences were applied as per our diagnostic algorithm. Despite uneven chamber point density, especially around the roof near the left sided pulmonary veins (grade 2 map), the Ripple bars confirm a roof dependent circuit with caudo-cranial activation up the anterior wall and cranio-caudal activation down the posterior wall. At nominal settings (panel I – modified RL), the bipolar voltage map is unhelpful and has interpolated a dense area of scar across the roof and posterior wall. Dynamic scar thresholding to 0.2-0.2mV (panel ii – Modified PA) highlights an isthmus of ripple conduction bordered by an island of scar at the roof and scar extending towards the right sided pulmonary veins (hatched arrow), although one cannot be certain on account of lack of points toward the left sided pulmonary veins. This isthmus is a putative site of ablation according to RM. During the live case, the operator targeted residual signals along the roof to terminate tachycardia and confirm roof line block. The ablation lesion set collocated with the isthmus identified using RM.
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Figure 7: Optimised Ripple Map data collection and interpretation algorithmCARTO3 MAPPING SETTINGS
· Turn scar auto-tagging OFF.
· Mapping resolution of 10. Do not ‘apply the FAM to collected points’ (to create smooth contoured shell).
· Set fill and colour threshold to 5mm.
· Display as a bipolar voltage map

· ConfiDense settings (if used) 
· Cycle Length range/stability: Select a CL range (+/-5% of TCL).
· Position Stability: 2mm
· Density (1-4mm): 1mm.
MAP COLLECTION
· Map the entire chamber of interest evenly throughout, including within scar.
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RIPPLE SETTINGS
Ripple map preferences				
· Set ‘Show bars above’ to 0.03mV.
· Set ‘Size factor’ to HIGH.
· Set ‘Clip bars above’ to 0.25-0.35mV.
· Set Ripple Viewer to capture to 1 TCL before the reference to 1 TCL after the reference.
Ripple cine player
· Play RM map initially with a high playback speed to assess global activation.
· Observe areas where the activation pattern is easily visualized.
· Play in all views and work from late-to-early (not early-to-late) until a source is identified or a circuit has been completed.
· Play RM slowly in areas of interest slowly.
· Use Ripple Viewer to select points in areas of interest to observe local activation sequence and electrogram morphology.
· Use ‘dynamic scar thresholding’ to differentiate scar from functional tissue



SUSPECTED RE-ENTRANT CIRCUIT
· RM Activation completes a full circuit.
· 100% of cycle length mapped.
· Follow each activation wave around to confirm it completes a circuit and whether it forms part of a dual loop.
· Exclude roof dependence with R/L lateral paired with anterior/posterior views
· Exclude mitral/tricuspid isthmus dependence with LAO views of annulus.

SUSPECTED FOCAL ACTIVATION
· RM activation originates from a focal point.
· Ensure dense point collection around earliest signal.
· Period of RM bar inactivity seen before onset of p wave.
· Caveat: if septal or posterior wall activation coupled with <95% cycle length, consider other chamber.
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image11.tif
Ripple bars demonstratingroof dependent circuit with caudo-cranial activation up the anterior
Panel i-ModifiedRL  walland cranio-caudal activation down the posterior wall.

Panel il: Modified PA

Voltage threshold was adjusted so only areas without moving bars were displayed as scar. This revealed an Isthmus
between twoslands of scar at the roof with ripple propagation. Ablation within the isthmus terminated tachycardia





image1.emf
PatientMale/FemaleAge Tachycardia Map Cycle length

Mapped 

point total

Diagnostic 

confidence Mechanism/Diagnosis

Concordance with 

Carto?

AT1 290 305 3 Perimitral with conduction across anterior ablation line Yes

AT2 595 85 4 Not enough points to interpret. X

CTI check X 190 2 Blocked. Yes

AT 280 261 3 Localised reentry around left sided pulmonary vein Yes

CTI check X 165 2 Blocked. Yes

AT1 243 392 3 Roof dependent No

Roof line check X 159 3 Blocked Yes

AT2 229-236 125 4 Unable to interpret. Varying cycle lengths. Too few points X

AT3 235 118 4 Unable to interpret. Not enough points. X

AT1 285 634 3 Microreentry near left common vein. Yes

AT2 239 533 1 Focal AT anterior to right pulmonary veins. Yes

AT1 168-212 392 4 Uninterpretable.  Fiducial reference and cycle length variation X

CTI check X 264 2 Not blocked Yes

AT2 233 596 2 Perimitral with conduction across anterior ablation line Yes

AT1 208 90 4 Uninterpretable. Lack of points. X

AT2 225 303 2 Focal AT Yes

CTI check X 166 1 Blocked Yes

AT1 259 453 2 Roof dependent Yes

AT2 276 225 3 Roof dependent. Conduction across roof line. Not blocked Yes

Roof line check X 41 2 Blocked Yes

AT3 312 128 4 Uninterpretable. Lack of points. X

AT4 230 60 4 Not enough points to interpret X

AT1 280 306 2 Focal AT arising from right upper pulmonary vein Yes

AT2 294 428 2 Focal inferoposterior left atrium Yes

AT3 300 102 2 Focal AT X

Roof line check X 59 4 Probably not blocked X

AT 238 312 3 Roof dependent Yes

Roof line check X 58 3 Blocked Yes

MI line check X 48 3 Blocked Yes

AT 230 559 1 Mitral isthmus dependent Yes

MI line check X 53 2 Blocked Yes

AT1 213 66 2 Focal AT x

11

M 57 AT2 200 300 2 Roof dependent No

AT3 238 67 2 Focal Yes

AT 221 344 1 Focal Yes

Roof/MI line check X 75 2 Blocked Yes

CTI line check X 289 1 Not blocked Yes

AT1 194 204 4 Not enough points to interpret X

MI line check X 56 2 Blocked but very few points Yes

AT2 189 640 2 Roof dependent Yes

AT1 353 88 4 Could be  focal from the floor but not enough points MI dependent

14

F 66 AT2 386 32 4 Uninterpretable. Too few points FocalAT

AT3 386 17 4 Uninterpretable. Too few points Focal AT
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