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Structural Remodeling and Rotational Activity in Persistent/Long-Lasting Atrial Fibrillation: Gender-Effect Differences and Impact on Post-ablation Outcome
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Background: Structural and post-ablation gender differences are reported in atrial fibrillation (AF). We analyzed the gender differences in structural remodeling and AF mechanisms in patients with persistent/long-lasting AF who underwent wide area circumferential pulmonary vein isolation (WACPVI).

Materials and Methods: Ultra-high-density mapping was used to study atrial remodeling and AF drivers in 85 consecutive patients. Focal and rotational activity (RAc) were identified with the CartoFinder system and activation sequence analysis. The impact of RAc location on post-ablation outcomes was analyzed.

Results: This study included 64 men and 21 women. RAc was detected in 73.4% of men and 38.1% of women (p = 0.003). RAc patients had higher left atrium (LA) voltage (0.64 ± 0.3 vs. 0.50 ± 0.2 mV; p = 0.01), RAc sites had higher voltage than non-RAc sites 0.77 ± 0.46 vs. 0.53 ± 0.37 mV (p < 0.001). Women had lower LA voltage than men (0.42 vs. 0.64 mV; p < 0.001), including pulmonary vein (PV) antra (0.16 vs. 0.30 mV; p < 0.001) and posterior wall (0.34 vs. 0.51 mV; p < 0.001). RAc in the posterior atrium was recorded in few women (23.8 vs. 54.7% in men; p = 0.014). AF recurrence rate was higher in patients with RAc outside WACPVI than those with all RAc inside WACPVI or no RAc (63.4 vs. 11.1 and 31.0%; p = 0.008 and p = 0.01). Comparison of selected patients using propensity score matching confirmed lower atrial voltage (0.4 ± 0.2 vs. 0.7 ± 0.3 mV; p = 0.007) and less RAc (38 vs. 75%; p = 0.02) in women.

Conclusion: Women have shown more advanced structural remodeling at ablation, which is associated with a lower incidence of RAc (usually located outside the WACPVI). These findings could explain post-ablation gender differences.
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INTRODUCTION

Recent studies have reported the presence of multiple gender-related differences in patients with atrial fibrillation (AF) (1, 2). Women are older at the moment of the procedure and the probability of recurrences after catheter ablation (3) is significantly higher (4, 5). A recent study reported that after multiple procedures, women were more likely to have recurrences, despite that pulmonary veins (PVs) reconnection was less frequent (6). In long-standing AF, female sex was an independent factor for presenting a higher degree of fibrosis in the atria (7). The magnitude of this problem has been recently highlighted. At 30 days after ablation, readmissions were 48% higher in women than men, and the female sex was independently associated with readmission for AF/atrial tachycardia (AT) (8). These studies suggest that the structural remodeling and AF drivers could be different in women.

Multiple wandering wavelets and independent drivers have been proposed as the mechanisms maintaining AF (9–11), with studies ablating possible AF drivers outside PVs showing promising results (12, 13). Alleged AF drivers can be identified by wavefronts emanating from focal sources (foci or breakthrough sites) or by rotational activity (RAc) (11, 14–16).

Ultra-high-density mapping and new tools for the detection of AF drivers (17–19), may better define the structural remodeling and the mechanisms maintaining persistent AF. We evaluated the relationship between AF drivers and structural remodeling and the gender effect. Additionally, the present study evaluated the effect of the presence and anatomical distribution of alleged AF drivers on AF recurrences after wide area circumferential pulmonary vein isolation (WACPVI).



MATERIALS AND METHODS


Study Population

We studied a retrospective cohort of 90 (66 men and 23 women) consecutive patients with long-standing/persistent AF who underwent ultra-high-density mapping during stable AF and point-by-point WACPVI (16 redo procedures; 13 men, 3 women; p = 0.542). In 67 patients, AF was present at the arrival and at the electrophysiology laboratory, and in 18 patients it was induced by rapid pacing and remained stable thereafter. In 4 patients (2 men and 2 women) AF could not be induced and therefore they were excluded since RAc mapping could not be performed. The final sample size of the study was 85 patients (64 men and 21 women). AF terminated (sinus rhythm or AT) in 10 patients. The study was approved by the ethics committee of the center.



Electrophysiological Study and Electroanatomical Mapping

The electrophysiology study was performed under general anesthesia. Through the femoral vein, one decapolar catheter was placed in the coronary sinus and transseptal puncture was performed to advance the mapping and ablation catheters to the left atrium (LA). All patients underwent electroanatomical (EA) mapping during sustained AF (20). The EA mapping and signal acquisitions were performed using a 20-pole multi-electrode catheter (PentaRay, Biosense Webster, Diamond Bar, CA, USA) and tissue proximity index (TPI) active during all the procedures. For the ablation, an irrigated contact-force sensing catheter was used (SmartTouch, or SmartTouch SF, Biosense Webster, Diamond Bar, CA, USA). The ablation targeted a wide area around the PVs antra to achieve pulmonary vein isolation (PVI); additional lesions were delivered at the carinas. Ablation lesions were guided by the Ablation Index (CARTO3 V7, Biosense Webster, Diamond Bar, CA, USA), targeting values of 350 or 450 units at the posterior or anterior left atrial wall, respectively (21). Radiofrequency power was set at 35–50 W at the anterior aspect of the veins and 25–45 W at the posterior aspect, with an irrigation flow of 30 ml/min using power control mode.



Rotational and Focal Activity Mapping

The CartoFinder module in the CARTO3 V7 system detected rotational and focal activity (FAc) from unipolar electrogram (EGM) activation patterns (17–19). The module uses the PentaRay EGMs and acquires windows of 30 s for an activation sequence analysis (Figure 1). Acquisitions were accepted when the catheter splines were orderly deployed and in contact with the atrial wall. Briefly, the module detects the local activation times (LATs) as the time instant of the maximum negative slope of unipolar EGMs. The CartoFinder module detects an RAc event if the LATs of the four concentric rings span >50% of the dominant cycle length of the unipolar EGMs for two or more consecutive beats (rotations). The acquisition point and area covered by the catheter are highlighted on the CARTO3 3D mesh as a region of interest if a repetitive RAc is detected. Bipolar EGMs of all acquisitions in which the CartoFinder detected RAc were reviewed by expert electrophysiologists and the presence of RAc was only confirmed if there were more than 2 rotations with staircase activation sequence and simultaneous acceleration of discrete EGMs and appearance of continuous activity (22) (Figure 1A).


[image: Figure 1]
FIGURE 1. Rotational and focal activity detection. (A) Rotational activity (RAc) detection with CartoFinder. Left, local activation map interactive view. One cycle of RAc is represented. Right, bipolar and unipolar EGMs from the multi-electrode catheter are shown. Electrograms (EGMs) are ordered by rings. Bipolar EGMs Penta 1–2 to Penta 17–18 form the external ring, Penta 2–3 to Penta 18–19 the middle ring, and Penta 3–4 to Penta 19-20 the internal ring. Unipolar EGMs Penta 1–17 form the external ring, Penta 2–18 form the external middle ring, Penta 3–19 form the internal middle ring, and Penta 4–20 form the internal ring. The staircase activation pattern expands the complete cycle. Long duration and low-amplitude EGMs are recorded by nearby electrodes: Penta 15–16, Penta 19–20, and Penta 18–19, where the center of rotation is located. The RAc has been highlighted by arrows. EGMs, electrograms. (B) Focal activity detection with CartoFinder. Left, the electroanatomical (EA) map view of the catheter was placed on the left atrial appendage. Focal activation is highlighted in green. Right, the darkest background window intervals show when repetitive focal activation events are detected with CartoFinder. The QS patterns are highlighted. Bipolar and unipolar EGMs are shown.


Moreover, CartoFinder provided FAc assessment. The algorithm identifies unipolar EGMs that exhibit a QS pattern. The module identifies the earliest QS morphology within a 10 mm radius and 50 ms window before its annotation. If the QS pattern occurs for two or more consecutive beats, it is considered repetitive (Figure 1B).

The continuous electrical activity that is a footprint of RAc (22) was quantified in each CartoFinder acquisition. The electrical burden of the bipolar EGMs was measured using an automatic activity detection algorithm based on the fully unsupervised Hidden Markov Models (HMMs) (23). The method automatically detects periods of electrical activity in AF bipolar EGMs and provides a score between 0 (no activity) and 1 (continuous activity), as shown in the Supplementary Material.



Mapping Data Analysis

The EA maps and CartoFinder files (3D coordinates and EGMs signals) were exported for offline processing and analysis. The maps were merged into a reference LA mesh for analysis with an in-house algorithm (Supplementary Figure 1). A 3D atrial shell with well-defined PVs and LAA was selected as the reference. The 3D meshes were pre-aligned by centering them at point [0, 0, 0] in the 3D axes. Then, the algorithm applied a non-rigid Iterative Closest Point (ICP) method to merge all atrial meshes into the reference one (24). The algorithm automatically projected the voltage, cycle length, and driver locations onto the reference mesh. This merging method preserves the atrial structures and anatomical information and avoids manual quantification or visual transformations, e.g., representing the LA 3D mesh with a 2D projection.

The 3D left atrial shell was manually segmented into 9 areas: left atrial appendage (LAA), PVs, posterior wall, atrial roof, lateral wall, septum, anterior wall, atrial floor, and mitral ring. The PV antra limits were established at 1 cm of the PV ostia but at the anterior aspect of the left superior PV, in which the antrum limit was the ridge between the vein and the LAA (Supplementary Figure 2). The EA area and volume of the left atrium was obtained from the CARTO3 software excluding the PVs and mitral valve that were manually removed.

All the EA maps were reviewed to locate the RAc events with respect to the PV isolation lines by an author blinded to the recurrence status.



Discharge and Follow-Up

Antiarrhythmic drugs were maintained for 3 months and anticoagulation therapy for 8 weeks and thereafter it was based on the CHA2DS2-VASc score. Outpatient clinical follow-up was scheduled at 3, 6, and 12 months and included an ECG and a 24-h Holter recording. Any symptomatic or documented episodes of AF/AT longer than 30 s were considered as recurrence.



Statistical Analysis

We present categorical values as absolute and relative percentages (frequencies), and normally distributed variables are summarized by the mean and SD. We tested categorical data with the chi-square test, continuous variables using Welch's two-sample t-test, and proportions based on normal z-test. Contingency tables were analyzed using the chi-tests or Fisher's exact tests when appropriate. A logistic regression propensity score matching was applied to reduce the effect of baseline differences in the data population by gender, Supplementary Table 4. The propensity score analysis is detailed in the Supplementary Material. The analysis was performed in Python (PyCharm 2020.1.3) and JMP statistical software (14.3.0). All tests were 2-tailed, and a p < 0.05 was considered statistically significant.




RESULTS


Patient Demographic Characteristics

A total of 85 (64 men and 21 women) persistent/long-standing patients with AF were included in the study. Baseline characteristics are shown in Table 1. The AF duration was 3.2 ± 3.8 years for men and 2.4 ± 2.9 for women (p = 0.284). A left ventricular ejection fraction (LVEF) <50% was observed in 16 of the patients. Overall, women were older, had a higher CHA2DS2VASc score (p < 0.001), and a higher prevalence of hypertension (p = 0.028). These values and the BSA were used as covariates to perform the propensity score matching technique. Supplementary Table 1 includes the paired baseline analysis by gender with no significant differences.


Table 1. Baseline characteristics of the patients. Rotational activity (RAc) and gender differences.
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EA and AF Drivers Mapping
 
Differences Related to RAc and Gender

Differences between patients with and without RAc and between men and women are shown in Table 2. Propensity score matching analysis is shown in Supplementary Table 2. The left atrial structural remodeling was assessed by ultra-high-density mapping, 7.952.3 ± 3.325.8 points per map in men and 7.000.1 ± 2.924.2 points per map in women, p = 0.219. Structural remodeling in the light of lower voltage and larger low-voltage areas was more advanced in patients with no RAc and women (Figure 2). In women, only the LAA and the lateral wall had an average voltage above the threshold of 0.35 mV which better correlates with delayed enhancement MRI (25).


Table 2. Electroanatomical (EA) and AF drivers mapping. RAc and gender differences.
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FIGURE 2. Voltage analysis. (A) Bipolar voltage maps differences by gender. Bipolar voltage maps were obtained averaging all recorded points that were projected onto a reference left atrium (LA) mesh. (A) Averaged bipolar voltage map from 21 women in which the extension of low-voltage areas is appreciated, the LAA seems to avoid the extension of fibrosis. (B) Averaged bipolar voltage map from 64 men where the voltage is preserved in the whole atrium. (C) Bipolar voltage points distributions by gender. (D) Gender bipolar voltage differences by area. Bipolar voltage was significantly higher in men. In women only, the LAA had a voltage higher than 0.5 mV. LAA, left atrial appendage; PVs, pulmonary veins.


CartoFinder analyzed 46,425 bipolar EGMs from 3,095 acquisitions (37.8 ± 15.0 per man and 32.3 ± 13.2 per woman) in which the PentaRay splines were orderly deployed. RAc was found in 55 patients (64.7%), with a total of 4,555 RAc events in 208 different CartoFinder acquisitions. Areas with RAc showed a higher voltage than no-RAC areas (0.77 ± 0.46 vs. 0.53 ± 0.37 mV, p < 0.001). Revision of bipolar sequences by electrophysiologists confirmed the presence of RAc in all acquisitions in which CartoFinder detected RAc.

Rotational activity was more frequently recorded in men than women (73.4 vs. 38.1%, p = 0.003). The anatomical locations of all rotational events are displayed in Figure 3A. There were gender differences in the anatomical distribution of RAc (Figure 3B), such as the posterior wall (42.0% of men vs. 9.5% of women, p = 0.006) and the posterior atrium, such as PVs and posterior wall (54.7% of men vs. and 23.8% of women; p = 0.01). The LAA was the area that most frequently hosted RAc events in women.


[image: Figure 3]
FIGURE 3. Location of RAc. (A) Top: RAc in women. Bottom: RAc in men. RAc was located outside low-voltage areas. This explains why in women RAc converges in and around the LAA. In men as voltage around PV antra is well-preserved RAc is frequently observed. (B) Differences in RAc by regions. This figure shows the percentage (%) of patients with RAc at the pre-specified regions of the LA. RAc, rotational activity; LAA, left atrial appendage; PVs, pulmonary veins.




Focal Activity

The number of focal events was 67.454 (56.723 in men and 10.731 in women), and were present in 1.136 different acquisitions (914 men and 222 women). All patients presented FAc and the number of focal events per patient was significantly higher in men (p = 0.032, Table 2). The anatomical distribution of FAc was similar between genders (Figure 4). The area that exhibited more FAc was the LAA for both men and women (98.4 vs. 90.5%, p = 0.086).


[image: Figure 4]
FIGURE 4. Location of focal activity. (A) Top: focal activity in women. Bottom: focal activity in men. Focal activity located in all the LA, with high density predominance in the LAA where it is more frequently detected for all the patients. (B) Differences in focal activity by regions. This figure shows the percentage (%) of patients with focal activity at the pre-specified regions of the LA. LAA, left atrial appendage; PVs, pulmonary veins.





Predictors of Post-ablation AF/AT Recurrences

Table 3 shows the differences between patients with and without recurrences. Propensity score matching analysis is shown in Supplementary Table 3. The association between AF/AT recurrences and AF drivers was analyzed in 79 patients with a follow-up longer than the 3 months post-ablation blanking period window. After a mean follow-up period of 357 days, AF/AT recurred in 36 patients, 25 men, and 11 women, with a median recurrence of 177.5 days. The LA volume and area were significantly larger in patients with recurrences than those free of AF episodes. Patients with AF/AT recurrences had a higher incidence of RAc, more RAc sites, and higher electrical burden. The differences between patients with and without recurrences regarding the distribution of the RAc in relation to the ablation line during WACPVI are also shown in Table 3. When RAc was only recorded inside the ablation line, most patients were free of recurrences and there was a strong association between RAc outside the ablation and AF/AT recurrences which remained as the main predictor of recurrence after being adjusted for LA volume, surface, and ≤ 0.5 mV area (Table 4 and Figure 5A).


Table 3. Atrial fibrillation/Atrial tachycardia (AT) recurrence analysis.
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Table 4. Predictors of AF recurrence analysis after WACPVI ablation.
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FIGURE 5. (A) Example of a woman with AF recurrence after PVI. Left: RAc was detected only at the LAA, the remaining atrium had low voltage and RAc was not recorded inside the ablation line. Right: the rotational event expands the whole EGM cycle, highlighted with white arrows. The rotational event stops and the cycle length increases with almost simultaneous EGM activations. (B) Example of a man with no AF recurrence after PVI. The voltage is almost normal in the whole atrium (left), RAc was detected in the left inferior PV antra (right). The rotational event starts at the same time that acceleration of discrete EGMs appears (Penta 13–14 EGM) and fragmentation in middle ring electrodes (from Penta 3–4 to Penta 11–12 EGMs). AF, atrial fibrillation; PVI, pulmonary vein isolation; LAA, left atrial appendage; EGM, electrogram; PV, pulmonary vein.





DISCUSSION


Main Findings

This study describes the relationship between structural remodeling and AF drivers that could explain some gender differences in patients with persistent AF. First, RAc distribution in the LA seems related to the degree of structural remodeling which at the ablation time is more intense in women despite having a similar AF duration. Second, consequently with previous findings, women in comparison with men have much less RAc which is commonly located outside the PV antra. Third, post-ablation AF recurrence was associated with RAc outside WACPVI.



Structural Remodeling

Voltage mapping was performed during AF based on previous data in which the correlation between low-voltage and contrast-enhanced MRI is significantly better when EGMs are acquired during AF than during sinus rhythm (25). Structural changes in LA in women are more extensive as suggested by the lower average voltage and larger scar areas. Since AF duration was similar, these changes could be due to the fact that women were older and had more hypertension. Nevertheless, the analysis based on propensity score matching suggests that differences in remodeling are not explained by differences in risk factors alone, but are also due to a gender effect. A previous study has revealed that women with longstanding persistent AF had a higher degree of fibrosis that could be due to the inherent differential expression of fibrosis-related genes (7). Voltage mapping suggests that in women fibrosis affects the posterior atrium more significantly than the LAA, which seems to resist the advance of fibrosis (Figure 2).



Rotational Activity

With the use of new mapping techniques, several studies have suggested that rotors are a part of the electrophysiological AF substrate (26), but controversy remains over whether the RAc is critical for the maintenance of AF or if it is merely due to the collision of wandering atrial activation wave-fronts (27).

CartoFinder software has been reported to identify with high reproducibility RAc during both paroxysmal and persistent AF when applied to basket catheter recordings (17). In this study, we applied the CartoFinder software to endocardial recordings obtained with a high-resolution catheter that allows assessing the activation sequence with high-quality bipolar EGMs in which far-field activity is canceled. The presence of RAc was not only based on signal processing since all CartoFinder acquisitions were revised by electrophysiologists who confirmed the RAc when the sequential activation spanned the whole cycle length and it coincided with the appearance of high-frequency low amplitude at the inner rings and the acceleration of discrete EGMs (Figure 5). The fact that high-resolution catheters were used to detect RAc and assess structural remodeling reinforces the relationship between structural remodeling and the anatomical distribution of RAc.

The incidence of RAc was lower than in previous studies in which RAc was detected based on the signal processing of unipolar EGMs (15, 28, 29). It could be that high-resolution mapping was more specific to detect RAc. Inaccuracies during rotor identification may explain why the Randomized Evaluation of Atrial Fibrillation Treatment With Focal Impulse and Rotor Modulation Guided Procedures (REAFFIRM) trial found no difference between rotor ablation and conventional ablation (30).

We have not observed RAc in low voltage areas which is consistent with prior studies (26). Computational studies demonstrated that rotational drivers perpetuating AF were localized in boundary zones between fibrotic and non-fibrotic tissue (31) and that the moderate levels of fibrotic tissue, i.e., 40% of fibrotic elements, can anchor re-entry activity (32). Nevertheless, the higher levels of fibrosis can block the fast propagation of the electrical wavefronts since the interactions between myocytes are reduced (33). Low voltage areas probably (because of extensive fibrosis) may have more difficulties for housing a functional re-entry, this explains the lower incidence of RAc in the women group and suggests that RAc is not the main mechanism maintaining persistent AF in women and patients with extensive fibrosis.



RAc and WACPVI Efficacy

Although this study did not probe RAc as a mechanism that maintains persistent AF, the association between the presence and dispersion of RAc and the post-ablation AF recurrences highlights the role of RAc in AF. RAc outside the ablation area was the main predictor of AF recurrence and when RAc was included in the ablation line recurrences were very low, suggesting that AF drivers were eliminated. However, the absence of RAc outside WACPVI did not ensure freedom from recurrence, especially in women, suggesting that there are unidentified mechanisms other than RAc involved in AF recurrence after ablation.



Study Limitations

This was a retrospective single cohort and single-center study. The proportion of women and men in this study was not balanced possibly representing the real practice in which women are underrepresented in catheter ablation series (34). In the study, we included 69 first ablation and 16 redo procedures, equally distributed among men and women (p = 0.542). Patients in sinus rhythm in whom stable fibrillation was not induced to allow mapping of the RAc were not included. The right atrium was not explored and remapping was not done after ablation. Ablation was not guided by RAc. We did not quantify the inter-intraobserver correlation of RAc.




CONCLUSION

In women, structural remodeling at the ablation time is more severe and affects more intensively the posterior atrium. Structural remodeling could determine RAc distribution. RAc outside the ablation line is the main predictor of AF/AT recurrence suggesting RAc is mechanistically involved in AF maintenance.
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Values in the table are n (%) or mean + SD. AF, atrial fibrilation; EA, Electroanatomical; LA, left atrium; RAc, rotational activity; FA, focal activity; EGM, electrogram. *Categorical data with
the chi-square test for categorical data, continuous variables using Welch's two-sample t-test, and proportions based on normal z-test. Bold values indicates statistical significance.
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