Ripple Frequency Determined via a Novel Algorithm is Associated with Atrial Fibrillation Termination and Freedom from Atrial Fibrillation
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Abstract
Background: Persistent atrial fibrillation (AF) is a complex arrhythmia and achieving a high rate of freedom from recurrence of AF by catheter ablation has been challenging. CARTO® Ripple map has previously been identified as one possible method to improve ablation outcomes.
Objective: The purpose of this study was to evaluate the relationship of AF termination and 18- month freedom from AF with Ripple as identified via a novel CARTO® software algorithm based on CARTO® Ripple map.
Methods: The selected study subjects were consecutive patients with persistent AF who presented for first time AF ablation. A high-density Ripple map was created using a Pentaray® catheter. Bilateral pulmonary vein (PV) antral isolation was performed first. If AF did not terminate with PV antral isolation, ablation was performed at atrial locations with visually identified fast Ripple activations until AF termination, a protocol previously described by us. Patients were followed for 18 months to assess rhythm outcome. Retrospective analysis was then performed using a novel CARTO® software algorithm developed to analyze Ripple Frequency. The Ripple Frequency algorithm automatically quantifies amplitude changes in the bipolar electrogram above a pre-set amplitude threshold over time.
Results: A total of 82 maps from 54 patients (mean age 65.4 years, 67% male) with a mean of 11.9 ± 4.7 electrograms per cm2 were analyzed. The Ripple Frequency ranged from 0 to 141 Ripple activations per second and the top quartile of Ripple Frequency corresponded to a visual reference with 96.1% sensitivity and 84.7% specificity. AF terminated during ablation in 90.7% of patients: PV antrum alone (14.8%), or PV plus non-antral sites (85.2%). The top quartile of Ripple frequency varied among patients and was present in non-antral sites associated with AF termination with an 89.6% sensitivity and 87.7% specificity. After 18 months and a mean of 1.2 ablation sessions/patient, 53 of 54 patients (98.1%) were free of AF and 85.2% of patients were free of any atrial arrhythmia. 
Conclusion: This novel algorithm for automated analysis of CARTO® Ripple frequency demonstrated a good sensitivity and specificity for detecting atrial regions in persistent AF where ablation is associated with both frequent AF termination and a high freedom from AF after 18 months.




















Abbreviations:
PsAF – Persistent atrial fibrillation
AF – Atrial fibrillation
PV – Pulmonary vein
HFRA – High frequency ripple activity
ECG – Electrocardiogram
AT – Atrial tachycardia
RFA – Radiofrequency ablation
NSR – Normal sinus rhythm
LA – Left atrial
CFAE – Complex fractionated atrial electrograms






Background 
[bookmark: _Ref494577966]Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, with a lifetime risk estimated between 21 to 33% based on retrospective analysis. [1] In many patients, symptoms are not well controlled with medical therapy alone, and ablation is performed to improve outcomes. PV isolation remains the cornerstone of ablation for both paroxysmal and persistent AF. [2,3] In paroxysmal AF, PV isolation alone with optimal contact-force radiofrequency or second generation cryoballoon ablation has been reported to achieve an approximately 80% 1 year freedom from AF. [4,5,6]   In persistent AF (defined as continuous AF beyond 7 days duration), PV isolation alone has had lesser success across trials, perhaps due to the presence of non-PV drivers. [7,8]  Evidence in support of localized drivers maintaining AF include experimental [9,10] and clinical findings. [11,12,13] Ablation of localized AF drivers has been postulated to improve freedom from AF recurrence in both patients with persistent AF and the subset of paroxysmal AF driven by non-PV sources. [12,13]
Ripple map is a software feature of the CARTO 3® (Biosense Webster, Irvine CA) electroanatomic mapping system that graphically displays bipolar electrograms. (Figure 1) This visual marker displays a combination of depolarization frequency, electrogram fractionation and voltage. The Ripple display corresponds directly to the recorded bipolar electrogram, with no interpolation between points or other processing. Using this methodology, it is possible to visually assess all recorded electrograms within a cardiac chamber over extended time intervals.
In our previous study, [14] we found in patients with persistent AF that 1) regions on the Ripple map displaying a concentration or cluster of high frequency Ripple activity (HFRA) corresponded to sites with spatiotemporal electrogram dispersion and 2) ablation of HFRA sites was associated with AF termination and a high level of freedom from AF over the subsequent average 15-months of follow-up compared to a stepwise ablation approach.
The purpose of this study was to evaluate a novel CARTO® 3 software algorithm based on CARTO® Ripple map for automated detection of visually identified high Ripple Frequency locations, and the relationship of these sites to AF termination and 18-month freedom from AF recurrence.

Methods
This study was a single center retrospective evaluation of 54 consecutive patients from November 2016 to January 2020 who underwent first time ablation for persistent AF. Patients had documented AF by ECG, Holter monitor, or implanted device which was continuous for greater than 7 days and less than 1 year in duration. All patients underwent AF ablation using a Ripple map guided approach [14]. Study participants were 18 years of age or older. Institutional Review Board approval was obtained, and all patients consented to research participation. 
The primary study outcome was the sensitivity and specificity of the Ripple Frequency map algorithm for identifying HFRA sites concordant with reference sites determined previously by visual Ripple analysis. Secondary outcomes included the sensitivity and specificity of the Ripple Frequency algorithm to identify atrial locations associated with AF termination, as well as 18 month freedom from AF lasting longer than 30 seconds assessed by all available means including serial ECGs, Holter, extended outpatient monitoring, implanted device interrogation, and symptoms. Additional secondary outcomes included 18 month single procedure freedom from atrial tachycardia (AT), and any atrial arrhythmia. A 3 month blanking period was allowed after RFA before considering outcomes.

Ripple Map Guided Protocol and Mapping
To facilitate Ripple based mapping, all patients who were in normal sinus rhythm (NSR) at baseline underwent AF induction with atrial burst pacing from the coronary sinus starting at 300ms with a minimum of 200ms. There was no predetermined burst pacing duration for initial induction of AF. Prior to PV isolation, the PV and left atrial (LA) anatomy was constructed using a Pentaray® catheter (Biosense Webster, Inc., 2-6-2mm electrode spacing). Time continuous point acquisition of the entire LA chamber was performed with the Pentaray® catheter using the Confidense® algorithm (Biosense Webster, Inc., Carto®3). Electroanatomic point density was set at one millimeter to diminish the variability in regional point clustering which can be observed with alterations in Pentaray® catheter movement speed. Electrode stability (a Carto®3 Confidense® feature that prevents point acquisition when electrode distance motion is above the threshold) was set at 3mm to reduce catheter movement induced electrogram artifact. Continuous electrogram recording was performed over a minimum of 10 minutes. A minimum of 1500 bipolar electrogram points with equal electrogram density at all atrial locations was required to consider the map sufficient. A surface ECG lead that demonstrated a dominant R wave was used for reference annotation during point acquisition. No Confidense® filters were applied (specifically, local activation time and cycle length stability). 
After completion of the high-density AF anatomic and point map, the Ripple map was viewed using a playback speed of 1 (this speed is an arbitrary parameter of the Ripple map program where 1 is the slowest playback speed and 5 is the fastest). A speed of 1 corresponds to approximately 1% of real time. The lowest displayed voltage was set at 0.03mV and highest displayed voltage was set at 0.2mV for the purposes of viewing the Ripple map. The lower displayed voltage of 0.03mV was necessary to correctly display regions of continuous low voltage electrograms. The upper boundary of 0.2mV was chosen arbitrarily for map display, as the voltage was not used as a parameter to target for ablation. The Ripple window was prolonged to the maximum allowable duration of 2.5 seconds to allow for complete display of all acquired electrograms. In the event AF terminated with PV isolation, the Ripple Frequency data was analyzed, but these patients were not included in further analysis of Ripple Frequency performance for identifying non-PV regions of interest.
HFRA was defined visually as regions of rapid and continuous Ripple activation. HFRA locations with the highest relative frequency by visual analysis were targeted first, followed by progressively slower HFRA regions until termination. The highest frequency was defined specifically in relation to the atrium being mapped rather than an arbitrary absolute frequency. The largest anatomic regions as measured on the mapping system (typically greater than ~1.0cm diameter) with HFRA were targeted for ablation first, followed by smaller regions. Isolated small segments, arbitrarily defined as <0.5 cm diameter, were not ablated as these may have represented isolated complex fractionated atrial electrograms (CFAE). 

Ablation Protocol
Ablation proceeded with PV antral isolation followed by sequential ablation of the largest HFRA regions as described above. Ablation of HFRA regions was performed in a cluster format and progressively expanded until local cycle length was observed to slow and there was loss of localized CFAE and spatiotemporal dispersion. Ablation of HFRA sites was performed until AF termination occurred. HFRA sites not ablated prior to AF termination were not subsequently ablated. If AF remained after ablation of all the HFRA sites observed on the initial Ripple map, up to 2 additional Ripple maps of the LA were performed, followed by a Ripple map of the right atrium (RA). If AF persisted despite ablation of all recognized HFRA regions in either chamber, or if the remaining HFRA region was adjacent to a critical structure (e.g., the AV node or sinus node), cardioversion was performed to restore NSR. Linear ablation of the LA roof was performed for induced or spontaneous roof dependent macro reentrant atrial tachycardia or if extensive LA roof ablation was performed for HFRA in this location. Other linear or focal ablation was not performed unless a sustained atrial tachycardia was observed. 
All patients underwent radiofrequency ablation using an externally irrigated, contact force sensing catheter (Thermocool SmartTouch ® and Thermocool SmartTouch SF®, Biosense Webster, Inc.). A minimum of 5g contact was required prior to initiation of radiofrequency ablation. Power was fixed at 35 watts and increased rarely to a maximum of 45 watts for 60 seconds if LA roof or lateral mitral isthmus block could not be achieved. All linear lines performed were tested for conduction block. PV entrance block was evaluated 30 minutes after initial isolation was observed, and ablation was performed if needed to re-establish antral isolation. Esophageal temperature was monitored during posterior wall ablation (Level 1® temperature probe, Smiths Medical). Following restoration of NSR through either ablation or cardioversion, an attempt at AF induction was performed with atrial pacing for up to 5 seconds in duration at the atrial effective refractory period or a minimum of 220ms on two occasions. Repeat ablation procedures for AF were performed using the same strategy.

Ripple Frequency Analysis
The maps obtained from the original study were analyzed retrospectively using a novel Ripple Frequency algorithm. The Ripple Frequency algorithm functions as an automated method for quantifying the number of directional changes in the Ripple based dv/dt above a pre-set amplitude threshold during the complete 2.5 second interval of the acquired point. (Figure 2) The Ripple Frequency algorithm utilizes the sampled signal to identify ‘peaks’ in Ripple, where a peak is considered present when a positive or negative change in voltage is observed. When the signal is above the preset positive / negative threshold (typically 0.03mV) only positive or negative peaks respectively are marked by the algorithm. The total peaks count for all algorithm measured changes of the acquired electrogram was divided by 2.5 seconds to generate the Ripple Frequency (defined as the Ripple peak count per second). An averaging function was then applied whereby the calculated Ripple Frequency of each point was averaged with the two closest adjacent points within a pre-defined 5mm radius surrounding the original point. The averaging method was employed to improve identification of regional rather than single site Ripple Frequencies. This method allowed a better representation of the regional rather than focal nature of HFRA sites present on visual Ripple analysis. The sites with the highest quartile of Ripple frequency within the left atrium, defined as the fastest 25% of all frequency measurements, were specified as the Ripple Frequency regions of interest for further analysis. The Ripple Frequency map (Figure 3) displays the calculated values as a color coded map with a dedicated color bar representing the range of observed frequencies to simplify analysis. The reference visual HFRA and Ripple Frequency analysis were performed isolated from each other, and simultaneous side-by-side analysis was not performed.
To determine the sensitivity and specificity of the Ripple frequency algorithm, the LA was divided into 8 segments (PVs, posterior, inferior, septal, roof, anterior, base of LAA, and lateral). Visual HFRA was utilized as the reference, and the highest quartile of Ripple frequency map (75% or greater i.e., top 25%) was then compared to the locations of visual HFRA. In the event 50% or more of the area identified with Ripple frequency overlapped with the visual HFRA reference, then the site was determined to have correctly corresponded to reference.
Continuous variables were compared using Students T-test with a statistical significance pre-set at 0.05.

Results
Patients
A total of 54 consecutive patients who underwent a first time ablation for persistent AF using a Ripple map guided approach. Baseline demographics are listed in Table 1. In these patients, the mean duration of uninterrupted AF prior to ablation was 4 ± 3 months. Structural heart disease was present in 20.4%. The mean left atrial diameter as determined by long axis echocardiography was 44 mm. The mean CHA2DS2-VASc risk score was 2.1.  In these patients, 54 of 54 (100%) had failed either a class Ic or class III antiarrhythmic medication; 16.7% had failed more than 1 antiarrhythmic medication. Anticoagulation either in the form of warfarin or DOAC was administered prior to ablation in 53 of 54 (98.1%) patients.

Acute Procedure Characteristics and Outcomes 
The mean procedure duration was 2.9 hours. At procedure onset, the mean left atrial pressure was elevated at 14.2 mmHg. (Table 3) The measured CARTO® atrial volume was 172.8 mL. Atrial fibrillation was present at procedure start in 44/54 (81.5%) of patients. Sustained atrial fibrillation was pacing induced in 10/54 (18.5%) of patients. 
PV antral isolation was performed in all patients. Non-PV ablation was performed in 46 of 54 (85.2%) patients. Acute AF termination during the index ablation procedure was observed in 49/54 (90.7%) of patients (14.8% with PV antral isolation alone, and 75.9% with PVI plus non-antral ablation). 
The highest quartile of Ripple Frequency was present in non-PV sites necessary for AF termination with an 89.6% sensitivity and 87.7% specificity. In the patients in whom AF termination was observed, 16.3% terminated to normal sinus rhythm, 22.4% to focal atrial tachycardia, 36.7% to atrial flutter, and 24.5% to multifocal atrial tachycardia. The most common nonpulmonary vein sites required for AF termination were the left atrial septum 63%, left atrial roof region 48.1%, and inferior left atrium 38.9%. 
There were no serious procedural complications (transient ischemic attack, cerebrovascular accident, pericardial effusion, atrial-esophageal fistula) within 30 days of the initial ablation.

Efficacy Outcomes
After 18 months, as documented by symptoms, electrocardiogram, Holter monitor, or device interrogation, 53 of 54 (98.1%) patients were free of AF, 47 of 54 patients (87%) were free of either focal atrial tachycardia or atrial flutter, and 46 of 54 (85.2%) of patients were free of any sustained atrial arrhythmia (Table 2). A mean number of 1.2 ablation procedures were performed per patient. The second ablation was performed after a mean of 8.4 ± 4.9 months following the first procedure. Cardioversion was required for sustained AF or atrial tachycardia within 90 days of the index ablation in 20.4% of patients. At the time of last follow-up, 25.9% of patients remained on antiarrhythmic therapy.

Ripple Frequency Results
	A total of 82 maps with a total of 205,467 points from 54 patients were analyzed using the Ripple frequency algorithm. The mean point density was 11.9 per cm2. (Table 4). The mean number of maps per patient was 1.5.  The range of observed Ripple frequency was 0 to 149/s. The mean maximum Ripple frequency was 106.1/s, with a range from 42 to 149/s. The mean highest quartile of Ripple frequency started at 79.7/s, with a range from 31.5 to 111.8/s. The mean Ripple frequency of the atrium was observed to decrease significantly after ablation of regions observed on the initial map compared to subsequent maps (111.1 ± 23.9/s versus 99 ± 27.2/s, p=0.042).
The mean number of atrial regions per map containing the highest quartile of Ripple frequency was 3.8. The highest quartile of Ripple Frequency comprised a mean surface area of 11.0 ± 10.4 cm2 (0.6-38.1 cm2). This area comprised a mean of 5.4 ± 5.3% of the total atrial surface area with a range of 0.3 to 20.1%.
The most common region demonstrating Ripple frequency in the highest quartile in 82.9% of patients was the left side of the inter-atrial septum. The inferior left atrium (57.3%), base of left atrial appendage (43.9%), and anterior left atrium were the next most common. (Figure 3) The pulmonary vein antrum demonstrated Ripple frequency in the highest quartile in 39.0% of patients.
	The highest quartile of Ripple Frequency sites exhibited a 96.1% sensitivity, and an 84.7% specificity for correctly identifying atrial regions identified with visual HFRA analysis.

Discussion  
Main Findings
	This study evaluated a novel algorithm designed to automatically quantify Ripple map-based changes in the bipolar electrogram. The key findings were 1) the Ripple Frequency algorithm had a high sensitivity and specificity for identifying reference visual HFRA locations in persistent AF patients; and 2) the highest quartile of Ripple Frequency was present in non-PV sites associated with AF termination with an 89.6% sensitivity and 87.7% specificity and 3) over an 18 month follow up period, ablation of HFRA sites was associated with a 98.1% freedom from AF and an 85.2% freedom from AT or AF after a median of 1.2 ablation procedures. These findings are supportive of a potential association between regions in the highest quartile of measured Ripple Frequency and key regions of the atrium necessary for AF maintenance and possibly recurrence.
Other Observations
In prior studies, Ripple map has been utilized to identify repetitive focal and reentrant activation during sustained AF [15] as well as to identify abnormal atrial potentials during sinus rhythm in non-paroxysmal AF [16]. In these studies, ablation of identified regions of interest on the Ripple map resulted in improved termination of AF and freedom from AF during the 12 month follow up. These prior studies differ from our current study insofar as the Ripple Frequency algorithm in two important respects. First, the Ripple Frequency algorithm is quantitative rather than the qualitative observations used for identification of repetitive wavefronts or abnormal atrial potentials in sinus rhythm. Secondly, the Ripple Frequency algorithm does not perform any wavefront analysis, rather it measures pre-defined electrogram characteristics. 
The use of high density AF mapping of Ripple Frequency in patients with persistent AF may provide insights into regions of the atrium necessary for supporting AF in the individual patient. In this study, the mean number of acquired points per cm2 was nearly 12. The high density combined with relatively precise localization within a 3D map prior to PV antral isolation demonstrated that the LA septum, LA posterior, LA inferior, LA anterior, and base of LAA all more often contained high Ripple Frequency than the PV antrum. This is supportive of prior observations of infrequent AF termination with PV antral isolation alone. (6) 
Among patients in this study the atrium exhibited, in some cases, widely different maximum Ripple Frequencies ranging from 42 to 149/s, suggesting significant interpatient differences in the pathophysiology and underlying substrate of persistent AF. We often observed that patients with a low initial maximum Ripple Frequency had low voltage (less than 0.1mV) covering a higher surface area of the atrium. Conversely, patients with the highest maximum Ripple Frequencies in our study often exhibited normal voltage throughout the atrium. The mean atrial surface area comprising the highest Ripple Frequency was a modest 5%, indicating extensive ablation may not be necessary to adequately eliminate key regions of the atrium important for AF maintenance and recurrence risk.
In our previous study (14), we found that in persistent AF patients visual HFRA regions on the Ripple map corresponded to sites with spatiotemporal electrogram dispersion and ablation of HFRA sites was associated with AF termination and a high freedom from AF. The limitation of this prior technique however was fundamentally visual analysis lacked quantitative precision and was open to qualitative errors. In addition, the current Ripple Frequency algorithm, unlike visual Ripple analysis which may require extensive training to analyze effectively, provides a relatively simple, reproducible, and objective assessment. Finally, the algorithm allows for regions of interest to be spatially located in an efficient manner on a 3-dimensional electroanatomic CARTO®3 map.

Limitations
Several potentials limitations restrict the scope of this study’s findings. First, this was a small single center study with a limited number of investigators. A multicenter evaluation is needed. Second, the calculated sensitivity and specificity calculation of the algorithm were based upon comparison with a visual Ripple frequency analysis which was used as the ‘gold’ standard. Visual estimation is qualitative and lacks the quantitative precision necessary for a true reference and has the potential for observer bias. Third, systematic outpatient telemetry monitoring was not performed and therefore the arrhythmia recurrence may have been underestimated. Fourth, antral PVI was always performed first. Had PVI alone been successful, the Ripple study may not have been done. However, prior evidence supports that antral isolation alone infrequently terminates AF in persistent AF, as was the observation in this study. Consequently, failure of antral isolation was not unexpected, and our finding of a high number of non-PV sites of interest was not surprising. Finally, the retrospective nature of this work does not allow for conclusions regarding the outcomes of using the Ripple frequency algorithm in a prospective manner to determine ablation targets.

Conclusion
The result of this study supports the potential that a novel automated analysis of Ripple Frequency may provide a complementary method to existing techniques such as CFAE or spatiotemporal dispersion analysis for identification of regions of interest in persistent AF.
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Table 1. Characteristics of the patients at baseline*
	Characteristic
	Ripple Map Approach
(n=54)

	Age (mean in yr ±SD)
	65.4 ± 10.1

	Male sex – no. (%)
	36 (67)

	Structural Heart Disease -no. (%)†
	11 (20.4)

	Left atrial diameter (mm)
	44 ± 6

	Ejection Fraction
	54.8 ± 9.7

	Duration from 1st AF diagnosis (mos)
	30.7 ± 41.9

	Duration uninterrupted AF prior to RFA (mos)
	4 ± 3

	Medical History – no. (%)
	

	      Diabetes 
	6 (11.1)

	      Hypertension 
	23 (42.6)

	      Stroke or transient ischemic attack
	3 (5.6)

	      Vascular Disease
	15 (27.8)

	      Renal Disease 
	4 (7.4)

	      Liver Disease 
	0 (0)

	CHA2DS2-VASc score
	2.1 ± 1.4

	Pacemaker or ICD
	5 (9.3)

	Pre-Ablation Medications – no. (%)
	

	      BB or CCB 
	45 (83.3)

	      Class Ic AAD 
	18 (33.3)

	      Class III AAD
	50 (92.6)

	      More than 1 AAD
	9 (16.7)

	      DOAC
	38(70.4)

	      Warfarin
	15 (27.8)

	      DOAC or Warfarin
	53 (98.1)


Table 1: Characteristics of the patients at baseline. *Plus-minus values are means ±SD. †SHD=Congestive heart failure, Constrictive pericarditis, Amyloid cardiomyopathy, Valvular cardiac surgery


[bookmark: _Hlk76366209]Table 2. Efficacy Outcomes and Follow Up* 
	
	Ripple Map Approach (n=54) 

	Outcomes, 18 Month Freedom from Documented Arrhythmia – no. (%) 
	 

	      AF
	53 (98.1) 

	      AT/AFL
	47 (87) 

	      Any atrial arrhythmia 
	46 (85.2) 

	Additional ablation performed for AF or AT/AFL
	13 (24.1)

	Number of ablations performed per patient
	1.2 ± 0.4

	Follow Up 
	 

	      Follow up duration (days) 
	414 ± 128.8

	      Cardioversion for AF or AT/AFL within 90 days index ablation  
	11 (20.4) 

	      AAD at last follow up 
	14 (25.9) 

	Holter Performed or Implanted Device Present
	18 (33.3)


Table 2: Efficacy Outcomes and Follow Up. Values are expressed as no. (%). *Plus-minus values are means ±SD. 









[bookmark: _Hlk76367783]Table 3:  Ablation Procedural Results* 
	
	Ripple Map Approach (n=54)

	Acute AF Termination – no. (%)
	49 (90.7)

	Mode of Termination – no. (%)
	

	      NSR
	8 (16.3)

	      Focal AT 
	11 (22.4)

	      AFL
	18 (36.7)

	      MAT**
	12 (24.5)

	RF Ablation Time (min)
	

	      Total all sites
	60.9 ± 18.3

	      Non PV sites (including AT/AFL)
	22.8 ± 17.1

	      PV antrum and CTI
	36.4 ± 9.0

	Initial mean LA pressure (mmHg)
	14.2 ± 4.2

	CARTO® atrial volume (ml)
	172.8 ± 45.6

	Ablation sites for AF termination – no. (%)
	

	      PV antral isolation
	8 (14.8)

	      LA roof 
	26 (48.1)

	      Posterior LA 
	17 (31.4)

	      Septal LA
	34 (63.0)

	      Inferior LA
	21 (38.9)

	      Lateral LA
	16 (29.6)

	      Anterior LA
	13 (24.1)

	      Base of LAA
	14 (25.9)

	      CFAE 
	12 (22.2)

	      Mitral linear ablation
	26 (48.1)

	Procedural Duration (hrs)
	2.9 ± 0.7

	Fluoroscopy Time (min)
	1.5 ± 2.1

	Radiation Dose (MyG)
	0.07 ± 13.7

	AF pace induced at procedure onset
	10 (18.5)


Table 3: Ablation procedural results. Values are expressed as no. (%). *Plus-minus values are means ±SD. 

Table 4: Ripple Frequency Results
	
	Ripple Frequency (n=54)

	Maps per patient (mean)
	1.5 ± 0.7

	      One map
	29 (53.7)

	      Two maps
	19 (35.2)

	      Three maps 
	5 (9.3)

	Maximum Ripple Frequency map #1
	111.1 ± 23.9

	Maximum Ripple Frequency map #2 / #3
	99 ± 27.2

	Map Surface area (cm2)
	213.7 ± 38.7

	Point Density (points per cm2)
	11.9 ± 4.7

	Total Number of points analyzed for all patients
	205,467

	Ripple Frequency Range
	0-149

	Minimum Ripple Frequency
	1 ± 1

	Maximum Ripple Frequency
	106.1 ± 25.8

	Ripple Frequency 75th Percentile
	79.7 ± 19.5

	Number of atrial regions 75th Percentile Ripple Frequency
	3.8 ± 1.8

	Location of LA regions with 75th Percentile Ripple Frequency 
(n=82 maps)
	

	      PV Antrum
	32 (39.0)

	      Roof
	31 (37.8

	      Posterior
	32 (39.0)

	      Septal
	68 (82.9)

	      Inferior
	47 (57.3)

	      Lateral
	27 (32.9)

	      Anterior
	33 (40.2

	      Base of LAA
	36 (43.9)


Table 4: Ripple Frequency Results. Values are expressed as no. (%). *Plus-minus values are means ±SD. 

Graph 1: Maximum Ripple Frequency of the first atrial map compared to subsequent maps

Graph 1: Maximum Ripple Frequency of the first atrial map compared to subsequent maps. (P<0.05 was considered to indicate statistical significance).







Figure 1:  Example of Ripple Map:
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Figure 1. Example of Ripple map during sustained AF after PVI. Color shading represents bipolar voltage displayed on the anatomic map with a range of 0.1mV (red) to 0.5mV (purple). White Ripple bars representing the bipolar electrograms are shown perpendicular to the map surface with the size corresponding to the bipolar voltage. A total of 2131 points were acquired for this map with even distribution across the atrium. Some regions show no Ripple bars, indicating there was no depolarization at that location rather than lack of point acquisition. Analysis of this map demonstrated a HFRA site with continuous high frequency activation on the left atrial left atrial septum. Ablation of this location resulted in AF termination to NSR. 

Figure 2: Ripple Frequency algorithm markers on electrogram
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Figure 2: Example of Ripple Frequency algorithm markers on an electrogram obtained during AF. The white markers represent a Ripple peak that was counted by the algorithm. The Orange lines delineate the pre-set voltage thresholds of ± 0.03mV from baseline 0mV.



Figure 3: Ripple Frequency Map
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Figure 3: Example of Ripple Frequency map obtained during sustained AF. Color shading represents the Ripple Frequency. The Ripple Frequency range in this example was 2 to 125 /s. The red color represents Ripple Frequency more than 75% above the maximum (in this case, 95/s). The purple color represents Ripple Frequency less than 65% of the maximum (in this case 82/s). A total of 2861 points were acquired for this map with even distribution across the atrium. Analysis of this map demonstrated a large region of high Ripple Frequency at the confluence of the left posterior PV antrum and posterior wall. Ablation of this location resulted in AF termination to NSR. 
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